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FOREWORD 


This report describes the work performed by Structural Composites 
Industries. Inc. (SCI) under Contract NAS 3-16770. The contract was 
initiated in July 1972, then technically redirected in July 1973 to reflect 
new NASA objectives. The work was administered by Mr. James R. 

Faddoul of the NASA Lewis Research Center. 

SCI personnel who conducted the investigation include R. E. Landes, 
Program Manager and E. E. Morris, Engineering Manager. Pressure 
vessel filament-winding was accomplished by R. J. Robinson and 
intrumentation and testing was conducted under the direction of 
K. A. Hansen. 

ARDE, Inc. participated in the program as a subcontrac tor, supplying 
design details for the overwrapped 301 stainless steel vessels and 
fabrication of the required cryoformed metal liner asssemblies. ARDE 
personnel who contributed to the investigation inlude A. Cozewith 
and D, Gleich. 

Guidance in fracture mechanics design considerations for the metal 
liners was provided throughout the program by Mr. W. D. Bixler of 
The Boeing Company, and metallurgical analyses of tested vessels were 
conducted by the NASA Lewis Research Center under the direction of 
Mr. James R. Faddoul, 
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SUMMARY 


The primary purpose of this full-scale hardware demonstration 
program was to verify and show the advantages of filament overwrapped 
metal pressure vessels for future flight \ehicles, as well as demonstrate 
the technology readiness and suitabiUty of the vessels for the application. 

The program objective was accomplished by fabricating and performance 
testing six vessels each of two different overwrapped metal designs; a 
61 cm (Z4 inch) diameter Kevlar-49 filament reinforced cryoformed 301 
stainless steel sphere, ana a 97 cm (38 inch) diameter Keviar-49 
filament reinforced ZZ19-T6Z aluminum sphere. 

Program results for the Kevlar/ cryoformed staixiiess steel construction 
vessels verified capability to achieve the specified service life and burst 
factor of safety requirements, and also demonstrated their weight saving 
advantage, the repeatability of fabrication processes, and the reliability 
of existing design techniques as follows: 

^ Kevlar/ stainless steel vessels were successfully subjected 
to two different service life test evaluation conditions: 

At a design safety factor of Z. 0, 1600 fatigue 

pressure cycles at a performance factor 
p V/W of 101 J/g (406 000 in-lb/lbm) were 
obtained without failure. Actual burst fat tor 
of safety demonstrated after the fatigue cycling 
was Z. 06 and PtjV/W was Z08 J/g 
(837 000 in-lb/lbm). 

At a design burst to operating pressure ratio of 1,5, 1000 

fatigue pressure cycles were sustained without 

failure resulting in an operating performance 

factor PqV/W of IZZ J/g (490 000 in-lb/lbm). 

Subsequent bursc-to-operating safety factor was 

1.72 and p. ^/^ achieved was ZIO J/g 

(843 00 in-lb/lbm). In addition, a similar 1. 5 design 

factor of safety vessel was subjected to three 

months of sustained pressurization at p^ V/W 

of IZl J/g (487 000 in-lb/lbm) without failure 

or evidence of degradation. 

- The foregoing operational and hurst performance 
levels represent a Z5-30% weight savings over a 
comparable 6A1-4V Titanium (solution treated 
and aged) spherical homogeneous metal pressure 
vessel. 
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Excellent repeatability of major manufacturing processes 
was demonstrated. The variation in Kevlar/epoxy composite thickness 
was within + 2. 7%; variation in total vessel weight was + 1.2%. The 
range of relative volume changes during cryosizing was 0. 96 to 1.00% 
compared to a design value of 1. 00%. 

A unique boss design, previously developed by ARDE, per- 
formed as designed during all performance testing conducted. The 
bosses were not failure sites even at the high stress level operating 
pressure evaluation condition. 

^ Kevlar / aluminum vessel results demonstrated the ability to 
design and fabricate large filament overwrapped vessels with load 
sharing liners. Important information obtained during vessel development 
and evaluation was as follows; 

The use of a bolted end-closure design for the large 
ported vessels was inadequate. The revised design, 
incorporating a tie- rod to carry the port load, provided 
a good solution for completing performance tests on 
existing vessels. 

The thickness tolerance obtained for 2219 aluminum 
half shells was excellent; many exceeded the established 
acceptance criteria and met the thickness tolerance 
"design objective". 

Heat treatment quenching of large volume aluminum 
liner assemblies can be accomplished in the required 
time period without distortion of the shell, but port 
areas of future liner assemblies with integral bosses 
should be initially machined "rough" and final machined 
after heat treatment. 

Maximum performance for the 97 cm (38 inch) diameter 
Kevlar / aluminum pressure vessel at failure P]jV/W 
was 164 J/g (658 000 in-lb/lbm). Failure was of the 
tie- rod and not the vessel itself. 

# Test results for both styles of vessels verified the anticipated 
leak-before-burst, non-fragmentation, and controlled failure mode features 
of composite vessels with metal liners. When the vessels were fatigue 
cycled to point of final failure, the failure mode was localized leakage of 
the metallic liner, without vessel rupture or fragm.entation. 
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I. 


INTRODUCTION 


A. BACKGROUND 

Since the early 1950*s when the first serious efforts were 
made with high-strength, light-weight filament- wound pressure vessels 
and rocket motor cases, significant successes have been achieved in the 
development of a technology base and reliable application of these 
composite structures to operational systems. 

The potential of filament- wound tankage for space vehicle 
pressurant vessels and cryogenic storage has and continues to be 
demonstrated in a series of NASA-LeRC technology development programs 
conducted over the past fourteen years. Such vessels, with an appropriate 
sealant liner, offer considerable weight savings when compared with the 
best homogeneous metal constructions. Some types of composite tanks, 
because of their failure modes, offer systexn safety enhancement as an 
additional benefit. 

Research and development has been concentrated on evaluation 
of constituent-material properties, evolution of effective pressure-vessel 
analytical methods and designs for combining a metal liner with the 
overwrapped filament composite, and evaluation testing of tanks at 
elevated to cryogenic temperatures under burst, fatigue, and sustained 
loading conditions. These past NASA-LeRC efforts^ work by the Air 
Force and recently by NASA-JSC have demonstrated the performance 
capabilities of composite tankage, and identified workable designs 
and fabrication approaches, as well as spec'="l attention areas. 

Load-Sharing Concept 

Liners for filament-wound pressure vessels have 
been discussed at length in prior publications. Briefly, stressing of the 
filament- wound composite results in formation of some matrix cracks in 
the wall that can let the contained fluid leak out. To prevent this, a 
liner is required. Three classes of liners used are: 

# elastomeric - for near ambient temperature 
applications where some permeability is 
permissable, 
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• thin metal bonded to the overwrap- -the 
lightest weight vessel, but cyclic life 
limited, and 

# load sharing metal 

Filament- wound composite tanks with load- sharing 
rrietai liners are intermediate in weight saving performance between 
thin -metal/ bonded liner composite tanks and homogeneous metal tanks, 
and do not require a bond between the metal shell and overwrap. For 
tanks with load-sharing liners, the filament stres s - strain curve ;s 
linearly elastic out to the proof strain and even beyond to burst. 

However, on the first pressurization cycle, the metal stre s s - strain 
curve shows yield and plastic flow. As the vessel proof pressure is 
released, the liner, which has taken a permanent plastic set, is forced 
into compression by the filaments trying to return elastically to their 
original size. Thus, at zero pressure after proof, the metal is in 
compression and the filaments in tension. From that time on, the 
metal operates elastically from compression to tension while the 
filaments operate in a tension-tension mode. The terminology used 
to refer to this type of tank is "fiber- reinforced-metal’* or "load- 
bearing metal liner" filament- wound composite pressure vessel concept. 

The primary objective in designing a fiber reinforced 
metal pressure vessel is to obtain maximum operating performance at 
a minimum weight, and to provide safe-life design features. Design 
development is related to (1) load and strain compatibility of the 
two types of material, (Z) constrictive wrap buckling strength of the 
metal shell, (3) prestress set up between the two materials during 
fabrication and proof-testing (sizing), (4) effects of prestress into the 
plastic region of the metal shell, (5) thermal contraction characteristics 
of the various construction materials, and (6) effects of cyclic and sustained 
loading on fatigue life and residual strength. Special attention areas 
include insuring (1) metal compressive stress at zero pressure after 
proof test does not exceed compressive yield, (Z) n\etal shell compressive 
strength is adequate so that adhesive bonding is not required to prevent 
metal shell buckling, (3) design allowable operating stresses are not 
exceeded in the metal or overwrap at operating pressure, and (4) required 
burst factor of safety is provided prior to exceeding metal shell biaxial 
ductility capability. These criteria fix relative thicknesses of the metal 
and overwrapped composite structure. In general, the metal liner 
thickness ends up being 25 to 50% of the thickness required for a 
homogeneous metal vessel design. 


4 


4 


z. 


Establishment of Designs 


To develop filament- reinforced metal tank designs, 
filament safe-operating stress levels are used in conjunction with the 
metal shell safe-operating stress level to develop a configuration which 
makes maximum use of these allowable stresses at operating pressure 
and also which provides the required pressure vessel burst strength 
within material minimum ultimate strength capabilities. Since the 
minimum weight pressure vessel is the one with least metal, weight 
minimization dictates making the liner as thin as possible consistent 
with filament* reinforced metal tank design criteria. This means letting 
the metal have maximum allowable compression at zero pressure and 
maximum allowable operating stress at operating pressure and temperature. 
Design development entails parametric studies of constituent material 
stresses at conditions of interest and resultant weight for given ope^^ating 
and burst pressures. 

For the composite windings, allowable stresses at 
operating and ultimate conditions are determined from subscale filament- 
wound pressure vessels subjected to cyclic fatigue, sustained loading, 
temperature, burst, etc. , evaluation tests. 

For liner design, yield and ultimate strength levels 
are established from handbook data, simple uniaxial specimens and in 
some cases from subscale pressure vessels. Allowable operating 
stresses are determined from fracture data for the specific alloy, 
thickness, and design conditions, as aescribed below. 

3. Fracture Mechanics of Metal Diner 


The proof test fracture mechanics approach to 
pressure vessel design is a reverse process analysis. First, the 
flaw size in the metal liner that will cause vessel failure 
is determined from Kie/ctq curves; Kje is the fracture toughness 
of the material and oTq is the desired operating stress in the liner. 
Then, with a vessel requirement of N pressure cycles, cyclic flaw^ 
growth rates da/dN are used to determine the maximum size flaw 


^Refer to Appendix J for complete definition of symbols. 


that could exist prior to the first pressure cycle (a/Q)j^ without growing 
to failure during the vessel life, i. e. , (a/Q)i = (a/Q)^.^. - N da/ dN, The 
proof test stress condition is then set as cr^ such that no flaw larger 
than (a/Q)i can exist after the proof test. This procedure must, of 
course, be modified by considering the instantaneous stress intensity K 
which changes as a function of a/Q as the flaw size increases during 
cycling. A detailed analysis of the procedures may be found in 
Reference 1. 


Filament-reinforced pressure vessels undergo a 
sizing pressurization after fabrication as has been previously discussed. 
The metal liner is stressed beyond the yield stress in order to 
establish prestress and elastic load sharing between the liner and 
filament overwrap. Thus, the sizing cycle acts as an extremely efficient 
proof test of the metal liner since it is subjected to a stress well above 
yield (Tq is large). Smaller flaws can be screened than by normal 

proof testing of homogeneous metal pressure vessels which are normally 
not stressed beyond the elastic limit. 

Unfortunately, an acceptable fracture mechanics 
analysis has not been developed for post-yield stresses. One must 
empirically determine the stress versus flaw size relationship in this 
region. This data establishes the maximum initial flaw size screened 
by the sizing cycle. One also needs service life data obtained from 
specimens which were first stressed to the verge of failure, (i. e. , 
containing a nearly critical initial flaw) and then subjected to the service 
life conditions at a range of lower stresses. For establishing critical 
failure conditions at the operating stress, conventional linear-elastic 
fracture mechanics analysis can be applied since operating conditions 
are always within the elastic limit of the metal liner. In some cases , 
the operating stress may be greater than the original material yield 
strength, but the yielding which occurred during the sizing cycle 
work-hardened the material and increases the effective yield strength 
of the material. 


The validity of this analysis was recently documented 
by Boeing/SCI under NASA-LeRC Contract NAS 3- 14380; results are 
summarized in Reference 1. The program was designed to establish 
a fracture control method which would guarantee safe service life for 
composite tanks with load sharing liners. Given sizing stress and 
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cycle life requirement, data were generated for various flaw shapes 
(a/ 2c) to permit the following: 

9 Determination of size of surface flaw which 

causes liner failure during sizing operation 

Generate failure stress versus flaw 
depth curve 

Establish maximum initial flaw size 
that did not cause failure at given 
sizing stress 

# Determination of maximum allowable operating 

stress for required cycle life 

Generate cyclic stress versus cycles to 
failure curve for maximum initial flaw size 

Establish maximum allowable operating stress 
that did not cause failure before required 
cyclic life. 

A detailed discussion of findings from the Reference 1 program is beyond 
the scope of this report. Briefly, both flawed uniaxial specimens and 
l^iaxial pressure vessels were tested to obtain static fracture and cyclic 
flaw growth data. The experimental evaluation by Boeing included 
investigation of different size flaws in 2219- T62 aluminum, Inconel 
X-750 (STA), and cryoformed 301 stainless steel at ambient and cryogenic 
temperatures. A most significant finding was that as R ratio 
(minimum stress /maximum stress) decreases from positive to negative 
values, the flaw growth rates increase. In addition, negative R ratio 
test results for uniaxial specimens did correlate well with the biaxial 
tank results, and the uniaxial data can be used to predict overwrapped 
tank cyclic life. 

4. Failure Modes 


In several past programs, the safety enhancement 
feature of composite tanks with load sharing metal liners has been 
vividly shown. Due to the relatively thin metal liner (compared to the 
wall thickness of a comparable homogeneous metal tank) and the 
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relatively thick overwrapped composite elastic restraint, leak- before- 
hurst is enhanced. The failure of tanks during an intentional burst 
lest or fatigue pressure cycling test is by leakage through the wall 
with no fragmentation of the metal. This composite pressure vessel 
characterisitic maximizes personnel safety and mission success in 
critical applications involving compressed gas storage with minimum 
container weight. Additionally, the reduced metal thickness presents 
an option for selecting a tough material that in itself shows leak-before- 
burst characteristics, 

B. PROGRAM PLAN 

1 . Program Objective 

The objective of this program was to verify and show 
the advantages of overwrapped metal pressure vessels for future flight 
vehicles, as well as demonstrate the technology readiness and suitability 
of the vessels for the application. The vessels that were designed, 
fabricated and tested were to be of significantly lighter weight than 
competing monolithic metal vessels and also incorporate controlled 
failure mode (non-fragmenting) features. 

2. Scope of Work 

The program objectives were accomplished by 
conducting a three task technical effort as summarized below: 

Task I- Design: This task covered the 

development of detailed designs, fabrication drawings, fabrication 
process specifications, and inspection procedures for two different 
configurations of Kevlar-49/ epoxy composite-reinforced-metal-pressure 
vessels. The two designs (a) were spherical in shape and had the same 
cyclic life requirements, a burst factor of safety greater than 1.5, 
similar multiangular wrap patterns, but (b) utilized different metal 
liners (2219-T62 aluminum and cryoformed 301 stainless steel), 
operating and burst pressures, and vessel internal volumes. 

Task II - Fabrication: This task included (a) 

fabrication and inspection of six complete liner assemblies for each of 
the two pressure vessels designs; (b) filament overwrapping and cure 
of the liner assemblies; and (c) instrumentation, inspection, and pressure 
sizing of the resultant vessels. Strains were recorded for each vessel 
during the application of the sizing cycle and the data submitted to NASA 
for evaluation. 
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Task III - Testing This task included (a) 
the design, fabrication, procurement of required test hardware and 
instrumentation, and (b) the performance of burst, sustained loading, 
and cycle tests at ambient temperature on the twelve vessels fabricated 
and pressure-sized under Task II. The vessels were instrumented 
with strain-gauge rosettes, extensometers, and pressure sensors prior 
to testing. 


II. 


nFSirTN FABRICATION. AND TEST OF KEVLAR-‘t9 OVE R_ 

?.219 ALUMINI '>^ FRF.siSRE VESSEJ^ 

A. CRITERIA development 

The following paragraphs pr-sent 

test requirements. 

1 . Initial Desi|^n Criteria 

At the inception of the technical effort, the program 
og, actives were to he accompUsheo 

figurations of compostte re.nforc^ spherical vessel, and a Kevlar-19 
an S-Glass filament to have the same pressure, 

FR cylindrical vessel. The two ® ,., jpetpapts, but were 

volume, operating temperature an y ,;c Appended or. each vessel' s 

to incorporate different winding patterns .^.^tal criteria 

shape (sphere or closed-end P^'/ummarised in Table I. 

-rs^htmaur^/ih^rn— configurations are shown in Figure 1. 

Based on the preliminary design ='“^^701 

were initiated ^ 

t%rv?d:we^ginl;imised conngura^ 

concurrent fracture mechanic g j ^ cyclic fatigue 

‘L7Ttr:f reVtudtes! w^'h L an effect on selection 
nrihl' final design criteria, are briefly discussed below. 

Z. lUe.al Shell Fabricat ion Process Studi^ 


a. 


Forming Methods 


The various methods of forming pressure 

vessel heads were thoroughly invesU 

and the initial design phase. I spinning methods in 

generally advantageous metallurigical and mechanical 

terms ol controlling process v-*ables 
properties, and cost considerations. A primary 


n^POf. 
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forgings were preferred over deep drawn heads, in spite of higher costs, 
concerned integral bosses. The integral boss feature permits the 
strain distribution in the bos s -membrane transition region of filament 


reinforced metal tank heads to be more uniform during pressure testing. 
Loads in the metal shell are carried by homogeneous parent material 
unmarred by possible weld-associated strain discontinuities caused by 
mismatch, shrinkage, undercut, drop through, etc. Conventional 
drawn heads require v/elding separate bosses and the attendant risks 
involved. 


However, the method selected for fabricating 
heads in this program eliminated this tradeoff, while achieving the best 
features of both machined forgings and draw formings. The method 
consists of draw forming the heads from starting blank plate material 
in which the boss configuration and membrane thickness has been 
premachined in the flat. Thus, the better microstructure, process 
control, and lower costs associated with deep drawing are retained, while 
incorporating the desired integral- boss feature of a machined forging. 
There is no expensive tracer or numerical controlled machining after 
deep drawing as is required on a forging to obtain the necessary contour 
and thickness. Also, the drawn heads made from annealed plate and 
formed at room temperature retain the wrought properties of plate as 
opposed to the larger grain size and variable microstructure of a 
forging (which is generally poorest at the equator where girth welding 
is to be performed). 


A final draw is applied to "set” the shape 
precisely and minimize diameter mismatch for welding. After girth 
welding, the units are solution treated and aged to the -T62 condition. 
Forged heads would be in the -T6 or T852 condition after heat treatment 
and exhibit much lower transverse elongation than drawn heads in the 
-T62 condition. Comparative mechanical properties given in the Aloca 
Green Letter, Reference 2, arelistedon the following page: 
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2219 Aluminum Alloy 


-T62 

-T 6 

-T852 

Plate 

Die Forging 

Die Forging 


z 

Tensile Strength, MN/m (ksi) 


Longitudinal 

372 (54) 

400 (58) 

427 (62) 

Transverse 

372 (54) 

386 (56) 

414 (60) 

2 

Yield Strength, MN/m (ksi) 

Longitudinal 

248 (36) 

262 (38) 

345 (50) 

Transverse 

248 (36) 

248 (36) 

317 (46) 

Elongation, % 

Longitudinal 

8 

8 

6 

Transverse 

8 

4 

3 


Based on the technical aspect of the preceding 
discussion and SCPs precontract proposal efforts, the deep draw process 
as outlined above was selected for forming the heads of both vessel 
configurations. 


b. Thermal Treatment 

Alloy 2219 is an age-hardenable alloy of aluminum 
with CuAl 2 as the sole precipitation hardener. The T62 temper, 
solution treated and age hardened, was selected for this configuration 
because of the excellent weld efficiency, approaching 100 percent that of 
the parent metal, Alcoa recommends a solution treatment of 808 K 
( 995 OP) cold water quench followed by aging at 464K (375^F) for 
36 hours to yield the T62 temper. However, to be consistent with 
concurrent fracture mechanics studies (Reference 1), it was decided 
to employ the T62 temper parameters recommended by Boeing Specification 
BAC5602 which differs only in that a 96 hour natural age precedes the 
artificial age treatment. 


In order to minimize part distortion during the 
above heat treatment, it is necessary to control the quench delay time. 


The quench delay period begins when the first corner of the part emerges 
from the solution treatment bath and ends when the last corner of the 
part is immersed in the quench fluid. Boeing Specification BAC5620 
precribes a 25 second maximum quench delay period for material 
thicknesses greater than 0.635cm (0. 250 inch). In order to insure that 
the allo" /able quench period was not exceeded for the present application, 
a flow rate versus tank port diameter study was initiated. 


The volume of both the spherical and cylindrical 
tanks, defined by the initial criteria, was 434 liters (115 gallons); the 
corresponding weight of the spherical aluminum shell wa‘^ approximately 
d 2, 2 kg (115 pounds). Two ^’55 gallon drums” were welded together to 
form a test specimen which met volume and weight requirements 
(approximately 114 gallons and 85 pounds). Each end of the test specimen 
had provision for varying the port opening from 7. 6 to 10. 2cm (3 to 4 
inch ) diameters. The test sepcimen was set up in the actual heat treat 
area (specified for use during the program) and the quench process 
simulated for the 7. 6 and 10. 2cm (3 and 4 inch) port diameters. The 
following table lists the results: 


Port 

Diameter, Dp 
cm (inch) 


Port 
Area, A 
cm'^(inc^) 


Time to 
Fill 

(second) 


Averse Flow 
Kate,Q 
liters/ sec 
(gal/ second) 


Q /A 

liters sec”^ cm" 
(gal. sec~^ in~^) 


7.6 (3. 0) 45.6 (7.07) 72 

10. 2 (4. 0) 81. 3 (12. 6) 40 


5. 98 (1. 58) 0. 131 (0. 223) 

10.8 (2. 85) 0.133 (0.226) 


Based on an extrapolated Q / A value 0. 135 
liters sec"^ cm~^ and a required flow rate of 


Q - 434 liters/ 25 second = 17. 37 liters / sec (4. 60 gal / sec). 


the necessary port diameter was calculated to be 


D 


P 



= 12. 8cm (5, 04 in) 


It was concluded from this study that 12, 8cm (5 in) I. D. ports were 
required for both the spherical and cylindrical vessels. 
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3. 


Design Optimization Studies 


In order to establish weight-optimized designs for both 
the S- Glass overwrapped sphere and the Kevlar overw'rapped cylindrical 
vessel, parametric studies were conducted to fix composite and metal 
shell thicknesses and stresses. The methods defined in Reference 3 
were used to establish the design variables, and calculations were 
performed using the NASA Computer Program, Reference 4. Properties 
of the 2219-T62 aluminum, S-901 glass filaments and Kevlar 49 filaments 
were reviewed and revised (where necessary) to reflect design service 
requirements and recent data generated on ’in-house ' programs. 

Resultant design properties used in the parametric studies for the aluminum 
5tre presented in Table II, and allowable filament stresses for both libers 
are presented in Table III. The following table lists values for significant 
parameters associated with each of the resultant preliminary designs: 


Parameter 

Glass Filament 
Reinforced Sphere 

Kevlar 

Filament 

Reinforced 

Cylinder 

Metal Shell Thickness, cm (inch) 

0. 635 (0. 2'jO) 

0. 833 (0. 328) 

Composite Wall Thickness, cm (inch) 

0. 719 (0. 283) 

0. 808 (0. 318) 

Cylinder Hoop, cm (inch) 

-- 

0. 612 (0. 241) 

Cylinder Kongo, cm (inch) 

-- 

0. 196 (0. 077) 

Ambient Sizing Pressure, N/cm^ (psi) 

2082 (3020) 

2273 (3296) 

Ambient Sizing Stress ^ 

in metal shell, MN/m (ksi) 

317 (45. 9) 

325 (47. 2) 

Operating Pressure, N/cm (psi) 

1475 (2140) 

1475 (2140) 

Operating Stress in 

Metal Shell, MN/m^ (ksi 
at 297K (+ 70OF) 
at 344K (+ 160°F) 
at 117K (-250°F) 

145 (21.0) 
134 (19. 5) 
186 (27. 0) 

178 (25. 8) 
165 (2-i-O) 
252 (3^>*5) 

Minimum Burst Pressure, N/cm (psi; 2950 (4280) 

2950 (4280) 
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PROPERTIES OF ALUMINUM ALLOY 2Z19-T62 
USED FOR PRELIMINARY DESIGN 
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Ambient operating stress levels in the metal shells 
(defined in the above table) were compared to the allowable values 
extrapolated from cyclic flaw growth data reported in Reference 1. In 
both cases, the cyclic life data indicated the design operating stress Oq 
had to be further decreased to a value of 138 MN/m (20. 0 ksi) to meet 
the minimum design cyclic life. The primary cause for the low value 
for allowable operating stress was the conservative approach which had 
to be used to extrapolate the cyclic life data from tl.- known 0.457cm 
(0. 180 inch) metal thickness value to values corresponding to preliminary 
design thickness requirements. Based on these results and their effects 
on vessel weight, more fracture data was required in this thickness 
range to eliminate excessive conservatism. 

In order to supplement the existing service life dcx'-a 
reported in Reference 1, two 0. 813cm (0. 32 inch) thick 2Z19-T62 
aluminum uniaxial surface flawed (flaw shape 0. 20) specimens were 
fabricated by SCI and tested by The Boeing Company to determine the 
failure loci and fatigue flaw growth rates for the thicker base metal (BMj 
aluminum material. One of the 61-cm-l^ g by 19-cm-wide (24-inch- 
long by 7. 5-inch-wide) specimens is shown in Figure 2. The static 
fracture test result is shown in Figure 3 along with the 0. 229 and 0.457cm 
(0. 090 and 0. 180 inch) thick base metal results from Reference 1. This 
specimen was loaded directly to failure at ambient temperature. Figure 4 
shows the fatigue flaw growth rates obtained from the cyclic specimen 
tested in addition to data from Reference 1 for the 0.229 and 0.457cm 
(0.090 and 0. 180 inch) thick results. This specimen was first sized 
to a stress, CTg . MN/m^45.9 ksi) and then cycled to flaw 

breakthrough at 207 MN/m^ (30 ksi) and ambient temperature. The 
cyclic test was conducted at a CT min/ CTmax ratio) of zero and a 

test frequency of 60 cpm. It appeared from the results presented in 
Figure 4 that the fatigue flaw growth rates for the 0. 813cm (0. 320 inch) 
thick material were essentially equal to the 0.457cm (0. 180 inch) thick 
results. 


The preceding test results and those reported in 
Reference 1 were used to determine the maximum flaw that could exist 
in the liner after sizing. It was assumed that this flaw then grows due 
to the operating cycles until it penetrates the liner thickness. The flaw 
growth rates presented in Figure 4 and Reference 1 were then used to 
determine the number of cycles required for the flaw to grow through- 
the- thickness. Allowances were made for the base metal and weld 
metal, R ratio effects and temperature effects. 


20 


^ Weld on 

I Welded Sp ec ime 






FLAW DEPTH, 


(isii) SS3HXS 



SS3HXS 

c 


22 


FIGURE 3; Uniaxial 2219-T62 Aluminum Base Metal. 

Ambient Temperature F'ailure Locus 







FATIGUE CRACK DEPTH GROWTH RATE, da/dN (W- in. / cycle) 



GURE 4: Fatigue Crack Growth Rates for 2219- T62 Aluminum 

Rasp Mfital at Ambient Temperature 





Results of the analysis are presented in Tables IV and V, 
in terms of number of cycles to leakage, for the preliminary Glass FR 
sphere and Kevlar FR cylinder designs, respectively. Inspection of the 
values for cycle life over the temperature range indicated design 
adjustments had to be made to provide full required cyclic life capability 
(1000 full pressure cycles and 4000 partial pressure cycles per Table I), 

4. NASA Redirection 


At this point in the technical effort the original work 
statement for this program w^as being reevaluated by NASA to insure that 
program objectives reflected current space program requirements (i.e. 
necessity for increased weight reduction and changes in design factors 
of safety and pressure cycling requirements). Concurrent with the NASA 
evaluation, an additional parametric study was conducted by SCI 
to further optimize vessel designs under evaluation on this program. 

Previous optimization studies had indicated Kevlar fibers in combination 
with the spherical shape resulted in the greatest weight saving potential; 
thus, a Kevlar FR ZZ19-T62 aluminum sphere was selected as a study 
focal point. Data trends were established which related vessel weight, 
burst factor of safety and operating conditions in the aluminum and Kevlar 
overwrap. These curves. Figures 5 through 7,"i"were then used to 
establish values for cycle life dependent parameters for a representative 
number of specific design points. These data were then transmitted to 
The Boeing Company, prime contractor on Contract NAS 3-14380, for 
their use in establishing the corresponding cycle life (based on fracture 
control) for each design point. 

An extensive detailed analysis of the various data was 
conducted to establish the further relationship between vessel weight, burst 
factor of safety, and vessel cycle life guaranteed by the proof (sizing) test. 
Based on the general data a specific design point was selected and, with 
NASA approval, a detailed preliminary design analysis, engineering 
drawings, and a metal shell fabrication specification were prepared and 
sent to NASA to aid in their evaluation. The table on page 30 lists significant 
parameters associated with the preliminary Kevlar FR aluminum sphere 
design: 


'J^See List of Symbols, Appendix J 
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LIFE ANALYSIS SUMMARY FOR PRELIMINARY 
KEVLAR OVERWRAPPED ALUMINUM CYLINDER DESIGNS 
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METAL SHELL SIZING STRESS (a 













Parameter 


Value 


Vessel Weight (W) 

Internal Volume (V) 

Burst Pressure (Pj^) 

Burst Factor of Safety 

Operational Cycles Guaranteed by Proof Test. 

Sizing Pressure 

Aluminum Sizing Stress 

Aluminum Operating Stress 

Filament Operating Stress 

Aluminum Shell Thickness . . . 

Kevlar/epoxy Composite Thickness 

Burst Performance Factor, p|^V/W 


54. 4 kg (120 Ibm) 

0.434 m^ (26 500 in^) 

2206 N/cm^ (3200 psi) 

1. 5 
418 

1586 N/cm^ (2300 psi) 

330 MN/m“ (47. 9 ksi) 

288 MN/m^ (41. 7 ksi) 

2230 MN/m^ (178 ksi) 

0. 390cm (0. 154 inch) 

0. 6l5cm (0. 242 inch) 

174 J/g (697 000 in-lb/lbm) 


Based on NASA's reevaluation of program objectives 
coupled with the weight reduction associated with the above sphere design, 
the program scope of work was revised to provide for a Kevlar FR 
aluminum sphere design. Additionally, the design effort on the Kevlar FR 
aluminum cylindrical vessel was terminated; this vessel was replaced 
by a more efficient Kevlar FR cryoformed 301 stainless steel sphere. 

The tasks of designing the Kevlar / stainless steel pressure vessel and 
fabrication of the required metal liner assemblies were delegated to 
ARDE, Incorporated and are further discussed in Section III of this report. 
Final design criteria for the two Kevlar FR metal spheres are contained 
in Table VI. All further discussions contained in this section (II) of the 
report address the Kevlar / aluminum sphere only. 
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FINAL PRESSURE VESSEL DESIGN CRITERIA 
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Service requirement is 400 cycle life, but vessels cire to be subjected to 1600 pressure 
cycles (400 cycles x scatter factor of 4) during qualification. 


B. DESIGN 


The Kevlar FR aluminum vessel is fabricated from an 
impermeable, load-bearing 2219-T62 aluminum alloy liner that is solution- 
treated and aged and subsequently overwrapped with epoxy impregnated 
Kevlar-49 roving and cured. After fabrication, the vessel is pressure- 
sized/proof-tested at ambient temperature to obtain the desired sheil 
prestresses and screen preexisting flaws in the metal-shell. 

Final design of this vessel was based on the fabrication process 
studies, design optimization studies, and the final design criteria (Table VI) 
discussed in Section IIA. Material allowables, vessel membrane and boss 
analyses, cycle-life calculations, and winding pattern details are contained 
in the design analysis included as Appendix A. Engineering drawings of 
the 2219- T62 aluminum liner assembly (Part Number 1269381) and the 
Kevlar FR spherical vessel (Part Number 1269382) are shown in Figures 
8 and 9, respectively. 

As noted in Appendix A, the design analysis was based on 
minimum thicknesses of 0. 391cm (0. 154 inch) and 0. 7 1 1cm (0. 280 inch) 
for the aluminum and Kevlar/ epoxy shells, respectively. Based on the 
shell thickness tolerances shown in Figures 8 and discussed in Appendix , 
the expected average thicknesses for the aluminum and Kevlar/ epoxy shells 
were determined to be 0.439 and 0.787cm (0. 173 and 0.310 inches), 
respectively. Since the behavior of the vessel during performance testing 
can be better approximated using average rather than minimum thickness 
values, the design of Appendix A was re-analyzed to obtain pressure/ stress 
values based on the average thickness values. Table VII (from Appendix A) 
presents a summary of the mechanical properties used for the design 
analysis. A summary of final vessel design parameters for the Kevlar/ 
aluminum vessel is given in Table VIII. The resultant vessel design 
stress-strain relationship is presented in Figure 10, and the design 
pressure versus strain curve is presented in Figure 11. Greater detail 
may be found in the Sizing Test Procedure included as Appendix B. 

Two additional documents which were established under this 
design task and subsequently approved by NASA are the Metal Shell 
Fabrication Specification and the Composite Process Procedure included 
as Appendices C and D, respectively. These documents are discussed in 
the following section. 
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Maximum Allowable Operating Corr^ressive 
Stress at ambient Temp, MN/m (ksi) 


TABLE VIII 


KEVLAR-49 FR Z219-T62 ALUMINUM 
PRESSURE VESSEL DESIGN PARAMETER SUMMARY 


Parameter 


Value 


Shape Sphere 

Volume, 100) 

Outside Diameter, cm (in. ) 97. 10 (38. 23) 

Thicknesses, cm (in.) 

Liner 0. 439 (0. 173) 

Filament- Wound Composite 0. 787 (0. 310) 

Weight, kg (Ibm) 67.3 (148.4) 

Pressures, N/cm^ (psi) 

Operating 1396 (2024) 

Sizing 1871 (2714) 

Burst (minimum) 2787 (4042) 

Burst Factor of Safety 2.0 


Operating Stresses, MN/m^ (ksi 

Liner 

Filaments 

Operating Cycles, Including . , 

Scatter Factor 1600 

2 

Failure Stresses, MN/m (ksi) 

Liner 359 (52.0) 52 000 

Filaments 1972 (286. 0) 286 000 

Performance factor, pV/W, J/g (in-lb/lbm) .... 

Operating 92 (370 000) 

Burst 184 (740 000) 


172 (25. 0) 
1000 (145. 0) 


38 













PRESSURE, N/cm 



40 


FIGURE 11: Ambient Pressure/ Strain Relationship For 
Kevlar-49 FR 2219- T62 Aluminum Sphere 
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FABRICATION 


1. Aluminum Liner Assemblies 


Prior to metal shell manufacturing, a detailed 
fabrication flow chart was prepared to define fabrication processes, 
engineering and inspection requirements, and tooling and support functions 
for all half- shell and 1 iner assembly operations. The fabrication plan, 
Figure IZ, was then used to establish a metal shell fabrication specification 
covering all requirements for the ZZ19-T62 alun^iinurii liner assemblies, 
this document is included as Appendix C. Based on trie fabrication 
specification and the process studies conducted under the design task, 
critical processes were selected for further pre -manufactu r ing verification. 

a. Material and Process Verification Studies 
( 1) Material Properties 

In order to verify the structural properties 
of the heat and thickness of 2219 aluminum obtained for the program., tensile 
specimens were fabricated in accordance with Federal Test Method 
Standard Number 151, All specimens were fabricated from stock 2219-0 
aluminum plate m.achined to the required 0, 391cm (0. 154 inch) thickness. 
Additionally, half the specimens were machined from 0. 391 cm. (0. 154 inch) 
thick aluminum which had been previously Electron Beam (EB) fusion-butt 
welded together. Four specimens (two parent-two welded) were selected 
from the lot and subsequently solution heat treated and aged to the T-62 
condition. These four specimens were then tested in tension; results 
of the tests are recorded in Table IX. All test values excet ded the 
minimum allowable property requirements (Reference 5) as aefined in the 
following table: 


Ultimate Tensile Strength, Minimum 
Yield Strength (0. 2% offset) 
Elongation in 2-inch, % 


Parent 

Weid(94% 

Metal 

(Efficiency) 

372 MN/m'^ 

352 MN/m 

(54. 0 ksi) 

(51. 0 ksi) 

248 MN/m^ 

24 1 MN / m 

(36.0 ksi) 

(35, 0 ksi) 
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KlGUREi?.: 22I9-T62 ALUMINUM SPHERE F^BPi CATlON PLAN 
SHEET 2- ASSEMBLY FABRICATION 









TABLE IX 


MATERIAL ACCEPTANCE TEST RESULTS FOR 2219-T62 ALUMINUM 
Strength MN/m*" (!csi) E 1 o n g a 1 1 o n , % 


Specimen 

Type 

(b) 

Yield 

Ultimate 

(c) 

5.08 cm 

( Z, 0- inch) Gage 

Length 

1 . Z7 cm 

(0. 5-inch) Gage 

Length 

Parent Metal 

268 (38. 8) 

403 (58. 4) 

9. 0 

N. A. 


268 (38. 8) 

405 (58. 7) 

9. 5 

N. A. 

E. B. Welded 

284 (41.. 2) 

405 (58. 3) 

9. 0 

16. 0 


270 (39. 2) 

400 (58. 0) 

9. 0 

20. 0 


Fabricated and tested in accordance v ith Federal Test Method Standard 
Number 151 

b 

Specimen thickness 0. 406 ^0.015 cm (}.160 + ,006 inches) 

^Location of fracture in parent metal 
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(2) Forming Development 


Verification of the draw forming process 
parameters and the preliminary half-shell (preform) thickness profile 
was obtained using pre-machined blanks of aluminum alloys 6061 and 
2024. The 6061 aluminum blanks were used, initially, to check the tooling, 
forming process, and resultant shell geometry. The formed hemispheres 
were subsequently EB girth welded together JJpreliminary weld process 
check for 0. 391cm (0. 154 inch) thick material] , subjected to heat 
treatment (to reveal any shell distortional effects), and the resultant 
liner assembly used as a mandrel for winding pattern verification. It 
should be noted that alloy 6061 is not a good forming simulator for 2219 
aluminum and was not used to verify thickness profile. 

Alloy 2024 is an excellent forming simulator 
for 2219 aluminum and was used, subsequent to the 606 1 forming, to 
verify the 2219 half shell thickness profile. Several draws were required 
to shape the parts to the full depth, and a stress relief was performed 
after each reouired draw. It was concluded from this study that no 
problems were anticipated in forming the 2219 aluminum half-shells or 
obtaining the desired shell thickness profile. 

( 3) Girth Weld Process 


As discussed above, satisfactory results 
were obtained for EB welded joints prepared from design thickness flat 
2219 aluminum stock. Girth welding of the 6061 aluminum half- shells 
provided additional information on weld process details for specimens 
with curvature. 


Final verification of the welding process 
was obtained utilizing full-diameter girth weld simulators. This work 
was accomplished with 37.5 inch-diameter 2219 aluminum hemispheres 
which had been formed to include an excess prolongation of material at 
the equatorial diameter. The specimens were used to checkout half- 
shell fitup and weld tooling as well as the EB welding schedule. 

Fitup was good, and joint welding easily 
accomplished. After welding, the prolongation was machined from the 
welded assembly, and the full-diameter ring X-rayed; the weld joint 
passed the established acceptance criteria. Portions of the full-diameter 
girth weld ring were solution -treated and aged to the-T62 condition, and 
mechanical test specimens prepared to the configuration shown in Figure 13 
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Mechanical test results are given in Table X. Properties were in excess 
of design values, and all failures occurred in parent metal. Results 
of this study indicated no problems were anticipated for the welding 
process or welded material properties. 

(4) Heat Treatment Procedure 

Aluminum 6061 preform blanks (used in the 
aluminum half- shell forming process verification) were deep-draw' formed 
into hemispheres with approximate design wall thickness, girth-welded 
together, and subsequently used to evaluate the heat-treat process. Ihe 
unit was heated to the solution treatment temperature, then subjected to 
water quench. Results of the heat-treat evaluation of this unit confirmed 
that the 12.7cm (5 inch) diameter ports were of sufficient size to allow 
the unit to be quenched in the required IS-secund'’' period. Inspection 
with contour templates indicated there was no distortion of the metal 
sphere during the solution treatment and subsequent water quench. 

Figure 14 shows the full-scale metal shell after heat treatment process 
verification. 


b. Half-Shell Fabrication 

Based on the initial process verification studies, 
sixteen 142cm (56.0 inch) diameter by 2,95crn(1.16 inch) thick 2219-0 
aluminum blanks were machined to the established preform thickness 
profile and subsequently draw-formed into the half-shell configur ..tion per 
Drawing Number 1269381 (Figure 8). Twelve of the sixteen hall-shells 
were final machined at the equatorial girth weld joint area and inside 
and outside surfaces polished; four units were lost during the machining/ 
forming process . Four of the acceptable units required minor rework 
prior to final machining. Figures 15 and 16 show some of th^ half-shells 
at this point in tne fabrication process. 

The half-shells were then visually inspected 
for surface cracks, scratches, and defects and dimensionally inspected 
per the criteria of Appendix C and the metal shell drawing, 1269381. 
Thickness measurements were obtained at sixty-four locations, on each 
half-shell using Vidigage equipiTiCnt In order to verify that thickness 


"^^Required period for material thickness of 0, 390cm (0. 154 inch) 
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WELD PROCESS TEST RESULTS FOR 2219-T62 ALUMINUM 
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FIGURE 15: 95. 3 cm (37. 5 Inch) Diameter ZZ19 Aluminum 
Sphere Half-Shells 



FIGURE 16: Set of 2219 Aluminum Sphere Half-Shells 
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A 


tolexances were maintained the dome contour, the half-shell 

was divided into surface area elements (for analysis) per the sketch 
below 



The equation for each surface area element is 
2 

AA-* ^ oin Ci!5 A c5 A ^ 

where, A 9 (defined by eight meridians) was selected as radiau. 

(450) and A '^^.s determined from eight circumferential circles 

defined by O values which were tr /18 ladians (10^) apart 
(i.e. O = 90 , 80 , 70 ,. . 20 degrees). 

To determine the percentage (%) { of the 
total surface area (A) which was in a specific tolerance range (1)> 
the following relation was used: 

90 

= 20 

Ni = number of surface area elements at <0 in 
thickness tolerance range i 
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The six applicable thickness tolerance ranges obtained from the metal 
shell drawing (1269381) are; 


% of Total Surface 


Range 

Symbol 

-(i) 

T h i c k n e 
Tolerance 

s s 

Range 

Area in Indicated Tolei 
Design Acceptanc 

Objective Criteria 

c m 

(in) 

1 

< . 391 

(^.154) 

0 

0 

Z 

.391 to . 442 

(. 154 to . 174) 

80 


3 

. 443 to . 467 

(. 175 to . 184) 

10 

80 

4 

. 468 to . 493 

( . 185 to .1 94) 

10 

10 

5 

. 494 to .518 

( . 195 to . 204) 

- 

10 

6 

>. 518 

(>. 204 ) 

0 

0 


Results for calculated area percentages are contained in Table XI along 
with other selected inspection data for each half-shell. 

As noted in the table, three half-shells 
(Serial Numbers 5, 7, and 8)did not meet the established acceptance 
criteria for shell thickness tolerance; the variation of Serial Number 7 
was minor. Because of the unavailability of spare half-shells (the four 
spares had to be scrapped during the preform-machining/forming 
processes), the under thickness units were accepted and assigned 
to the dome liner assembly (Serial Number S-6). The thickness 
tolerance and other geometric parameters for all other half-shells 
was excellent; many actually exceeaed the acceptance criteria and 
met the thickness tolerance "design objective". 

Assignment of half-shells to liner 
assemblies was based on the following criteria; 

(1) Equatorial diameter match 

(2) Equatorial thickness match 

(3) Half-Shell average thickness match 

(4) Visual defects and/or geometric discrepancies 

The prime consideration was an equatorial diameter/thickness match which 
was necessary to minimize fitup problems during welding. The resulting 
liner assembly assignments based on the above criteria, are contained 
in Table XI. 
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. 391 to . 44^ cm (. 154 to . W4 in) 

. 445 to . 467 cm (. 175 to . 184 in) 

.470 to . 493 cm (. 185 to . 194 in) 

.495 to. 518 cm (. 195 to . ^04 in) 


Final Assembly 


c . 


Final manufacture (welding/heat treating) 
of the six aluminum liner assemblies was conducted in two lots of three 
assemblies each. The first lot consisted of Assembly Serial Number S-1 
(half-shells 15 and 16), Assembly Serial Number S-2 (half-shells 11 
and 14), and Assembly Serial Number S- 3 (half-shells 4 and 7). These 
first three a s semblies were EB girth welded according to the prees cablished 
weld- schedule/ proc e s s without incident. Figure 17 shows a half shell 
assembly prior to welding. Subsequent radiographic and dye -penetrant 
inspections indicated that A^ssemblies S- 1 and S-3 were acc<"ptable and 
free fromi any significant defects. Radiographic inspection of Assembly 
S-2 revealed excessive porosity, probably in the weld-drop- through. 

This unit was rewelded using a previously established repair weld 
procedure consisting of full penetration and cosmetic passes. Subsequent 
X-rays and dye-penetrant inspections showed a ''clear” defect free weld 
joint. 


Following welding, the three assemblies 
were solution-treated and aged to the -T62 condition without any visable 
distortion, and were submitted for final inspection. Dimensional 
inspection of the port area of the three liner assemblies revealed that 
the boss bore and bolt-hole-pattern had decreased in size. The 
following table summarizes the inspection results: 


Half 

Shell 

Bolt Circle Diameter 
Min / Max Dimensions 

Boss Bore Diamter 
Min / Max Dimensions 

S/N 

cm 

(in) 

cm 



16 

14. 171/14. 221 

(5. 579/5. 599) 

1. . 598/ 12. 642 

(4. 960/4. 977) 

15 

14. 201/14. 254 

(5. 591/5. 612) 

12. 631/ 12. 652 

(4.973/4.981) 

11 

14. 229/14. 252 

(5. 602/5. 611) 

12. 657/ 12. 670 

(4. 983/4. 988) 

14 

14. 188/ 14. 227 

(5. 586/5. 601 

12. 606/ 12. 649 

(4. 963/4. 980) 

7 

14. 221/14. 239 

(5. 599/5. 606) 

12. 649/ 12. 667 

(4. 980/4. 987) 

4 

14. 173/ 14. 209 

(5. 580/5. 594) 

12. 593/ 12. 606 

(4. 958/4. 963) 


The pre-heat treatment value (obtained from half-shell inspection logs) for 
the bolt-c ircle -diamete r was 14.288cm (5.625 inch) and for the 

boss -bore-diameter was 12. 705cm (5.002 inch) the drawing. 

This permanent contraction had not been noted in the process verification 
studies since (1) a more massive welded-in "work horse" boss had been 
used, and (2) concern with distortional effects had been concentrated on 
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FIGURE 17- 95.3 cm (37.:^ Inch) Diameter Z2J9 Aluminum 

Half- shell Assenibly for Welbing 


AGPi 




the shell rather than the port. The permanent contraction had, obviously, 
occurred during the high temperature solution heat treatment and 
subsequent water quench. 


In addition to the general shrinkage of the 
ports, each assembly contained one port (half-shell Serial Numbers lb, 14 
and 4) with local inward permanent distortions around each of four opposed 
bolt holes. A reexamination of heat treatment procedures indicated that 
the local distortions around each of the bolt holes had been caused by lour 
steel bolts used to fixture the liner assembly during iurnact* caging and the 
subsequent cool down period (solution treatment w’as eliminated as a 
cause because a different method of fixturing was employed). Apparently, 
differential thermal expans ion/ c ontraction between, the aluminum boss and 
the steel bolt/ fixture had caused large localized r<-.ciai loads at th<.: 'oolt 
holes. The ef loot was permanent inw^ard delormation in the local area 
of each of the four holes. This method of fixturing was revised prior to 
heat treatment of the second lot of liner assemblies. 

Since all half shell ports had been final 
machined prior to the heat treatment process and no additional units w^ere 
available, the two ports on each of the three liner assemblies were 
rebored to a new common inside diameter of IZ. 68Z/ IZ, 687cm 
( 4 . 993 / 4,995 inch) and accepted ’’as-is^h Corresponding test closure 
plates were redesigned using this value and a new common bolt circle 
diameter of 14. Z14cm (5, 596 inch) per Revision C of Drawing 
iZ6938i. It was concluded that any future liner assemblies manufactured 
according to the above processes should be initially machined "rough” in 
the port area and final machined (drill /tap and bore) heat treatment. 

The second lot of threu liner assem. blies 
consisted of Assembly Serial Number S-4 (half-shells 1 and 9), Assembly 
Serial Number S-5 (half- shells IZ and 13), and Assembly Serial Number 
S-6 (half-shells 5 and 8). These assemblies were EB girth welded 
according to the pree stabiished weld- s chedul e / pr oc e s s with only one 
minor incident. Alignment of half-slieils IZ and 13 over the entire girtii 
diameter (prior to welding) was very difficult in that these units had the 
greatest mismatch in diam.eter anci thickness at the girtli. As a result, 
the final welded assemibly, Serial Number S--?, exhil)iied a 0. l.SYc.ni 
(0. 06Z inch) mismatch over a 10^ area of tht;' girth wadd. Subsequent 
radiographic and dye -penetrant inspection of this unit, as well as 
Serial Number S-4 and S-b, indicated that all three units were acceptable 
and free frorri defects, except as noted. 


Based on the earlier heat treatment 
information obtained for the first three liner assemblies, the second 
lot of three liner assemblies was solution treated and aged to the -T62 
condition without incident. The general shrinkage of the bolt-hole 
pattern and bo sc* bore did occur (this was expected and could not be 
prevented), but no local deformation around bolt holes was indicated 
during final inspection of the units. Both ports on each of the three 
assembiie.> were bored to the new 12. 682/ 12. 687cm (4. 993. 4. 998 

inch) inside diameter as previously discussed. Table XII coritams 
dimensional inspection data characterizing ail six 2319- Io2 aiiirrununi 
liner assemblies. 

2 . Kevlar / Alum mu m Pressure V'esseis 

Pressure vessel fabrication consisted of overwindin 
completed 2219'’T62 aluminum liner assemblies with a predetermined 
uniaxial multiangular pattern composite of epoxy impregnatea four-end 
Kevlar-49 roving; following the overwrap process the resulting composite 
material was oven cured. The composite fabrication task for this 
program focused on the development of an optimum filament winding 
pattern; most other fabrication process parameters had been previously 
established u ider other development programs, 

a. Kevlar Overwrap Pattern Development 

Concurrent v/ith this program, an ’ in- 
house’' study was cond’;cted by SCI to optimize ihe filament winding patterr. 
for spherical vessels utilizing Kevlar-49 continuous roving. The vessels 
used for this effort were elastomier lined 40.6 ni (16. 0 inch) diameter 
spheres incorporating ”moided-in” metal bosses, in order to verify chat 
the resultant subscale geometric v/uiding parameters could be used on 
full-scale hardware, a pattern development study was conducted. This 
study utilized the fuJ.i-scaie heat-treat-development 6061 aluminum 
sphere discussed in Section IIC la and, additionally, provided a checkout 
of all filament winding tooling. Figure 18 shows overwrappiny of the 
’’work horse” 6061 aluminum liner assembly. Results of the study 
verified the geometric scale-up and established final composite processing 
details. The resultant composite fabrication process procedure is 
included as Appendix D. 
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FIGURE 18: Overwrap Filament- Winding Devt:lopment 

for 9 5. 3 cm (37. 5 Inch) Diameter Sphere 
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b. 


Filament Winding 


The established filament- winding procedures, 
Appendix D, were used to initially overwrap three of the aluminum liner 
assemblies (Serial Number S-1, S-2, and S- 3) to form pressure vesse s 
as defined by Drawing Number 1269382 (refer to Figure 9). The actual 
winding pattern used on these three units did not contain steps 11 through 
14 as defined in Appendix D. 


Based on the performance test result 

obtained for Vessel S-3, discussed later in Section IID2, the initial winding 
pattern was modified. Since Vessels S-1 and S-2 had already been 
fabricated according to the initial pattern (including cure of the composite 
material), a supplemental winding operation was utilized on these two 
units to comply with the final (four additional steps) pattern requirements. 
After the supplemental winding operation and subsequent (second) cure 
the visual appearance of these two vessels was slightly different than the 
first vessel, or subsequent vessels. 


The final three liner assemblies (S-4, S-5 
and S-6) were overwrapped with epoxy impregnated Kevlar-49 roving 
according to the revised pattern, defined in Appendix D, and oven cure . 
Two of the three completed vessels are shown in Figure 19. 


No special problems were encountered 
during the overwrap/ cure processes for any of the six vessels fabricated. 
Table XIII presents a summary of fabrication data obtained for eac o e 

vessels. 


D. 


TEST PROGRAM 


Prior to performance testing, each vessel was pressure- 
sized (proof tested) to screen preexisting flaws in the metal shell and also 
fix the required prestresses in both the metal and filament-wound composite 
shells. Detailed procedures for the pressure sizing operation are 
contained in Appendix B. 

Instrumentation and Test Pla^n 


Primary instrumentation consisted of pr essure 
and strain sensors, transducers, and recording equipment necessary 
to (a) verify achievement of prescribed shell stresses during the sizing 
cycle, and (b) provide pressure/ strain data documenting performance tests 
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FIGURE 19* KevLj^r t'liaxrient- Ov^e rw rapped L 

Aluminum Spheres, S/N S-3 and S-1 
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Vessel wrapped using original winding paiter 
Tie- rod weight of 10 pountis not imUidcd 


The strain gage selected for this application was 
Micro-Measurement’s Gage Number EA- 06- 250TG-350. This gage is 
a polyimide backed, general purpose, 2-element 90^ tee rosette with a 
strain range of +5%. Four rosettes were bonded to the external surface 
of each vessel at the locations defined in Figure 20. 

The linear displacement transducers selected for 
measurement of the vessel circumferential expansion were designed and 
fabricated by SCI, The major component was a Duncan Series 220 
Slideline Control with a single linear 1 K ohm resistive eienient. 

The control had a functional mechanical travel of 2. 54cm (1.0 inch), 
infinite resolution, and 3% tracking. Three 'great circle’^ extenso- 
meters, located on the external surface of the vessel in the orientations 
shown in Figure 20, were connected to the linear displacement transducers 
to provide the expansion data. 

Detailed test procedures were established, and 
approved by NASA, prior to initiation of the performance test program. 
These procedures are contained in Appendix E, and the final (revised) 
test plan is shown in Figure 21. 

2. Initial Test Result Vessel Serial Number S-3 

Kevlar/ aluminum Vessel S-3 was fully instrumented, 
according to the procedures of Appendix B, in preparation for sizing and 
a subsequent hydraulic burst test. Figure 22 shows two views of the 
vessel, including the bonded strain gage rosettes, prior to the sizing 
test. During the sizing test, pressure/ strain data were monitored 
at 345 N/cm^ (500 psi) increments up to a sizing pressure of 
1586 N/cm^ (2300 psi). 

At this pressure, extensometer data indicated the 
desired sizing strain had been reached and further pressurization to 
the design value of 1862 N/ cm (2700 psi) might induce excessive 
stresses in the metal shell. Figures 23 through 25 are plots of the 
vessel strain data required during the siziiig test. Figures 23 and 24 
show longitudinal and hoop strains, respectively, obtained from the 
biaxial strain gages bonded to the exterior surface of the vessel; the 
hoop leg of gage SG-2 was lost during pressurization. Figure 25 
indicates the strains in three planes obtained from the ’’great circle" 
extensometer s . 
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FIGURE 21: Revised Test Plan and Vessel Assignment 

For Kevlar Fiber Reinforced Z219 Aluminum Spheres 
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Following the sizing test, Vessel S- 3 was subjected 
to a hydraulic burst test per the procedures of Appendix E. The nunimum 
expected burst pressure for this series of vessels was 2787 N/cm ^ 

(4042 psi); the vessel failed, permaturely, at a pressure of 1793 N/crn 
(2600 psi). The failure initiated at the upper alununum port in the region 
where the mating steel end closure bolts to the boss body; the lailure 
consisted of a meridional split in the upper hemisphere traversing 
through the girth weld on either side of the shell ana terrninatinii m tlu^ 
lower hemisphere. Figure 26 shows the vessel filler hydroburst, and 
Figure 27 shows close-up views of the upper (lailurt; loc.itiun) ^^iid lower 
port areas. Strain data obtained during the hydrotest ^roir. great 
circle” extensometers are ploted in Figure 28. 

A complete structural analysis ui llu' vessel laiiure 
region was performed by both NASA and SCI. Ttu- lol lowing ^ uiKiusiOun 
observations resulted from the analysis: 

• Radial restraint of the alun inurn boss/slieli 

by the rigid, bolted, end closure induced large 
radial loads on the bolts. Effect of the radial 
bolt loads was a high bearing stress induced 
in the aluminum boss -body which was 
sufficiently large to cause local plastic flow. 
Plastic flow reduced the effective cross- 
section (bolt holes alone caused stress 
concentrations in boss body) of ihe boss 
body available for supporting applied hoop 
loads. The result was a hoop stress that 
exceeded the strength of the material and 
caused the meridional split in the shell. 


# The large axial port load was transierrea 

through the bolted closure as a vertical shear 
load reacting at the bos s - body / shell juncture. 
The resultant couple induced liigh meridional 
bending stresses at the d i sc ontinu ity . Il 
relaxation of the rigid radial rc-straint at the 
bolt holes had not occurred, c alculat :.on s 
indicate a bending failure would hava- 
ocenrred at the bos s - bod v ' s hicll juncture. 
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Burst of Kevlar / Aluminum Vessel S 


# The major conclusion resulting from the 
analysis was to not only eliminate the 
radial bolt load, but also to substantially 
rechice the induced vertical shear load at 
the bos s - body / shell juncture. Tl.c effect 
would be to allow natural expans ion/ rotation 
of the shell in the area ot tViC port. 

3 . Re design rlfio rjt 

a. Port Euvl-(/iosure 

Based on conclusions i r om the piu:cediiig 
analysis and the desire to redesign the end-closure and not the vessel 
itself (liners had already been fabricated and machined), several design 
concepts were evaluated. Three of the coiicepts .xre shown schematicuily 
in Figure 29 and discussed below. 

The Dished Closure of Figure 29a is a 
standard end-closure concept used in the static testing of large opening 
rocket motor cases. The closure is designed to allow natural rotation of 
the port and a corresponding control of both radial and axial bolt loads. 

In order to function properly, the vessel boss body, as well as the dish 
itself, must be designed as a unit. Since redesign of vessel porting details 
and refabrication was beyond the scope of the current program, this 
concept was discarded. The concept is noted for possible use in luture 
efforts. 

Figure 29b is a schematic of a Piston 
Xie-Rod, which was conceived under Contract NAS 3-13318. The piston- 
rod assembly is designed to carry the entire port load and acts independent 
of the shell itself. Calculations, based on utilization of this concept, 
indicated that the concept would allow sizing ^md pressure cycling of the 
vessel, but achievement of the desired burst pressure would be marginal. 
Counter rotation of the boss body (i. e. , further reduction of the induced 
discontinuity morrjcnt) was required to sufficiently reducu* stresses. 

The end -closure concept linally sebu;t:ed 
for further design evaluation, termed Rigid Tie- Rod, is shown schematically 
in Figure 29c. The concept utilizes the piston feature of the Figure 29b 
design and also includes a method for application oi counter rotation 
loctds to the boss body. The gap (sizing gap) between the boss body and 
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piston flange can be varied to allow loading to occur at any point during 
vessel pressurization. 


A brief parametric study was performed 
to optimize the rigid tie- rod design. Figure 30 is a schemitic of tlie niodei 
used for the parametric study: the model was originally used during the 
conduct of the failure analysis effort. For the case ol a rigi i lie- rod, 
the closure is not bolted (Phb “ ’-dauge" load V 

is directionally reversed during pre s su ri/.ation ol llie vessel 1 lie 
effect of the resultant compressive load r> on tlu 

of the induced vertical shear load V 


of the discontinuity moments 


M 


D 


'w on Lfic t.,Aiik ih vt r c- c- r s n 

and a corrc-bpontianL dciuipiug 


D 


aTui S’ FI aim c load otiocts on 
tank vertical shear load and also tot.- l rod ’ oad P snown in the 

curv'es of Figure 31. It should be nouni that ti'^e c.urv *s Oe f i.gurt. 5i 
represent loading per unit (tank) pressurcu 


Since both tank and roc -loading are a 
function of rod cross-sectional area (actually stillness, out material is 
assumed to be steel), rod radius was used as the inciepencient variaole 
for construction of the design curves presented as Figures 33 and 33. 

Figure 32 shows rod weight, stress, and strain as a lunction of rod radius. 
Also included in the figure is a table of materials (steels), their 
corresponding strengths, and allowable stresses. Possible design points 
are included in the figure. It should be noted in Figure 32 that tank 
axial strain is also depicted by the rod strain curve since axial strain 
compatibility was maintained in the study. Figure 3 3 indicates the 
effect of each specific rod on the stress distribution in the metal shell 
at the discontinuity (refer to radius r^ in Figure 30). 

Inspec tion of the shell stresses of Figure 33, 
in conjunction with rod weight/' stress values shown in figure lead to 

the selection of a 1.37 cm (0. 54 inch) radius ZOO grade maraging 
steel rod heat treated to 1930 MN/m‘^ This size rod was 

expected to reduce the bending stresses at shell discontinuities sufficiently 
to allow sizing, ooeration, and burst testing of the tank without over- 
stressing the rod itself. The resultant predicted pressure versus axial 
strain of the tank/ rod system is shown in B'lgure 34; this curve is reterrec 
to in later discussions of the test program conducted on these vessels. 


b. Wrap Pattern Modification 

One additional design nvodification which 
resulted from sizing test data obtained for Vessel S- 3 concerns the Kevlar 
wrap pattern. Comparison of hoop and longitudinal strain data obtained 
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at the equator during pressure sizing of the vessel (Figures ZZ and Z3) 
indicated an 11 % deviation from the average. In order to better 
approach a 1:1 strain (stress) field in the metal shell during testing, 
additional hoop stiffness was required in the equatorial region. (It 
should be noted that the initial wrap pattern for this series of vessels 
was based on tests of vessels with non- structural liners, Section IIC 
Za). Analysis of the existing pattern indicated that tour additional 
revolutions at near-equatorial wrap angles (i.e. Z re\ olutions each at 
Z different angles) should produce a 1:1 stiffness ratio at the c>quator 
without disrupting strain ratios at other regions in the spherical shell s. 
Thus, ail vessels fabricated subsequent to Vt‘sst.d S - 3 ccca.tiiud. the 
four additional revolutions as defined in tiie final v.- inci iiig p-d.leiu. oi 
Appendix D. 

4. Final Test Results 


P e r f o r m an c e test results for ail six K e v 1 a r 
aluminum vessels are summarized in Table XIV. The table indicates 
sizing data, the type of performance test conducted, the ioc^d level 
used for fatigue and sustained load testing, pressure cycles or 
sustained load period achieved, the failure pressure, rriodt^s of 
failure, and pertinent remarks. Pressure / strain curves depicting 
both the sizing test and performance tests are contained in Appendix F 
for the last five Kevlar / aluminum vessels tested. Comments regarding 
individual tests, anriplifying the data recorded in Table XIV. are 
giv^en below: 


a. Cyclic Fatigue 

Cyclic fatigue tests were conducted by 
increasing the vessel internal pressure to the design oper.iting level 
and then reducing the pressure to zero. Per the test plan, Figurt^ Zl, 
two vessels were subjected to the Level 1 test of 1600 pressure cycles 
to 1396 N/cm (Z0Z4 psi), and one V e s s e 1 was s u b j e c t c d l o the 
Level Z test of 1000 pressure cycles to 16Z0 X/en'T (Z350 psi). 

The first Kevlar alumina iTi vessel 
scheduled for cyclic fatigue testing, Vessel S-1, \vas successfully 
sized at the required pressure of IBdZ X crc.^- (Z700 psi) utiiiziiig 
the tie-rod assembly designed for this scrit.‘S of \ essc‘Is. Straiii 
gauge readings at the sizing pressure indicated nominal strains of 
0. 9% in the hoop and longitudinal direction at the equator and the 
45^ plane. Residual strain at zero pressure after sizing (permanent 
set) was approxim.ately 0.3%. Figure 35 compares measured hoop 
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KEVLAR-49 OVERWRAPPED 2219-T62 ALUMINUM PRESSURE VESSEL 
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strains, obtained from Appendix F, with the predicted "design strain 
envelope" from Appendix B. Due to the stiffening effect of the 
the nominal polar strain was approximately 0.4% at 1862 N/cm 
(2700 psi). Recorded polar strain is compared to the predicted 
"polar strain envelope" in Figure 36. 

Following the successful sizing operation. 

Level 1 pressure cycling was initiated for Vessel S- 1 and after 335 
cycles, a leak was observed at the test-plate/boss interface. Cause 
of the leak was an extruded back-up ring which was replaced and 
cvcling reinitiated. No other problems were encountered during t e 
additional 1265 cycles, and the vessel successfully passed the P’^^scri e 
test without failure or any additional leakage. Figures F- 1 through 
F- 3 of Appendix F show the pressure/ strain relations obtained for 

this vessel during fatigue testing. 

Kevlar/ aluminum Vessel S-6 was successfully 
sized at the required pressure of 1862 N/cm^ (2700 psi) and. also 
subjected to 1600 pressure cycles to the Level 1 operating pressure of 
1396 N/cm^ (2024 psi). No problems or Uaks were encountered during 
the conduct of this test; pressure /strain relations for the vessel are 
shown in Figures F-22 through F- 24 of Appendix F. Following the 
Level 1 fatigue tests, both vessels S-1 and S-6, were shipped to 
NASA LeRC for additional performance tests. 

In order to obtain cyclic fatigue data at higher 
operating stress levels, the prescribed operating pressure for Vessel 
S-5 was increased to the Level 2 value. Following the sucesslul sizing 
of this unit to 1862 N/cm^ (2700 psi), the vessel was subjected 

to pressure cycling between zero and 1620 N/cm (2350 ps^. 

At pressure cycle number 124, test xluid leakage through the Ke^l^r 
composite shell was observed. The leakage was in the region of the 
equator, rather than the boss, suggesting failure of the 
It should be noted that this vessel had the 0. 157 cm (. in) we 
mismatch as discussed in Section IIC Ic. The test was terminated at 
this point and the vessel shipped to NASA LeRC for additional 
investigation of the failure location. Pressure/ strain relations for 
the vessel are plotted in Figures F-1 6 through F-21 of Appendix F. 

b. Sustained Pressurization 

Sustained load tests were conducted by 
increasing the vessel internal pressure to the design operating level 
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and holding this level for the prescribed time period. The single vessel 1 

scheduled for sustained pressurization, Vessel S-2, was successfully 

sized at 1862 N/crn^ (2700 psi) and subjected to a Level 1 sustained 

load of 1396 N/cm (2024 psi) for a period of 172 hours. No 

evidence of leakage or degradation was observed during the entire 

period, and the vessel was subsequently shipped to NASA LeRC for 

further testing- Pressure/ strain relations for the vessel are shown 

in Figures F- 4 through F - 9 of Appendix F. 

c. Single Cycle Hydroburst 

The last vessel in this series, Vessel S-4, 
was successfully sized at a pressure of 1862 N/cm^ (2700 Psi) and 
subjected to a hydroburst test. At a pressure of 2689 N/cm (3900 psi), 
the tie-rod failed in tension at the first thread; no apparent damage 
was sustained by the vessel. Figure 37 shows the vessel and the tie- 
rod/ test- plate after the hydroburst test. Figures F-10 through F- 15 
of Appendix F show the pressure/ strain relations obtained for this vessel. 

5. Evaluation of Test Results [ 

' i 

! 

a. Sizing Test Data | 

Measured values of internal volume obtained 
for the Kevlar/aluminum vessels, after the sizing <^»erati(m, were 
within 0.3% of each other and the average measured v^lue of i 

0.4424 m^ (27 000 inch^) deviated from the design value of 
0.4441 m^ (27 100 inch^) by only 0.4%. 

At the sizing pressure of 1862 N/cm^ 

(2700 psi), the range in recorded vessel strain obtained from (1) biaxial 

strain gages was 0. 60 to 0. 90%, and from (2) extensometers was 

0.40 to 0.60%; the design strain range at this pressure (Appendix B) 

was 0.80 to 0.95%. At zero pressure after the sizing operation, the 

recorded strains were in a range of 0. 15 to 0. 35% compared to the 

design value of 0. 30%. The general lower range of strain values 

obtained from the extensometers (refer to Appendix F) was probably 

caused by the three "great circle" wires binding on each other during 

vessel pressurization. Although Teflon channel- guides were utilized 

to minimize binding, recorded strains indicated this frictional effect | 

was not eliminated. | 

I 

I 

i 

I 

‘X 
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Figure 37: Kevlar /Aluminum Vessel Serial S-4 

after Hydroburst 
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It was concluded that the good comparison 
of measured data (i.e. strains and volumetric expansions) with design 
values verified the validity of the analytic method used to predict shell 
stresses. 


b. Port End- Closures 

Test results for Kevlar/ aluminum Vessel 
S-3 clearly indicated the inadequacy of the original relatively large 
diameter bolted test closure design (the large diameter was required 
due to the need to meet Z219-T62 heat treating requirements, as 
previously discussed). The revised design, incorporating a tie-rod 
to carry the port load, provided a good solution for completing 
performance tests on the existing vessels but it did not allow burst 
testing of a vessel. The premature failure of the tie-rod (13% below 
design) was probably due to the inherent brittle behavior of the required 
ultra-high* strength steel coupled with the load history prior to burst 
testing (i.e. cyclic fatigue of three units at two levels plus sustained load 
on the fourth unit). For future applications, the ability to initially design 
the tie^rdd and porting details as a unit might allow the use of lower strength 
(greater ductility) rod materials and also greater design margins of 
safety. However^ the best solution is more detailed and complete 
design analysis on the metal boss and bolted closure (acting as a unit) 
than was employed for original design development in this program. 

c. Performance Test Data 

Since all vessels subjected to cyclic fatigue 
and sustained loading were njt burst tested, the effect of these load 
conditions on vessel performance is not known. Strain data presented 
in Appendix F, indicate there is very little change in vessel operating 
characteristics with either time or pressure cycling. The leak type 
failure of Vessel S-1 did verify the inherent safety of filament-reinforced 
metal pressure vessels, and the known fact that built-in geometric 
discontinuities, especially in the weld zone, can lead to premature 
failure of a vessel. 


Neglecting the weight of the tie-rod, 
the operating performance factor (p^ V/W) for both vessels subjected 
to Level 1 tests was 83.4 J/g (335 000 in-lb/lbm); the Level 2 
operating performance factor was 95.7 J/g (384 000 in-lb/lbm). 
Kevlar /aluminum Vessel S-5 demonstrated a performance factor of 
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164 J/g (658 000 in-lb/lbm) at the rod failure pressure of 
Z689 N/cm^ (3900 psi), and the potential performauice factor at 
the predicted burst pressure of 3137 N/cm'^ (4550 psi) was 
calculated to be 191 J/g (768 000 in-lb/lbm). 


III. 


DESIGN. FABRICATION. AND TEST OF KEVLAR- 49 OVER- 
WRAPPED CRYOFORMED 301 STAINLESS STEEL PRESSURE 
VESSELS 


Section IIA discussed the evolution of design criteria which lead 
to the selection of the Kevlar-49 overwrapped cryoformed 301 stainless 
steel (Kevlar/ stainless steel) pressure vessel for further evaluation. 

Prime basis for the selection was the excellent weight saving potential 
offered by the combination of Kevlar-49 fibers and cryoformed 301 
stainless steel (References 3 and 6) . For clarity, a brief explanation 
of the cryoforming process and its use for the current application is 
given below: 

The cryogenic stretch forming process (cryoforming), as pictorally 
depicted in Figure 38, consists of plastically straining a closed undersize 
metal preform at liquid nitrogen temperature in order to achieve a high 
degree of work hardening (lattice structure change) without changing the 
chemical compositicm of the material. The net result is a strong metallic 
material (yield strength increased by a factor of approximately seven) 
that is excepticHxally tough and is compatible with severe environments. 

The strenthened liner is then over wrapped with resin impregnated 
fibers, cured, put back into the liquid nitrogen bath and "sized" to form 
the required pressure vessel. The sizing operation further strengthens 
the metal in addition to establishing the desired prestress ccHiditions 
(fibers in tension/metal in compression). 

The cryoforming process described above was developed by 
ARDE Incorporated and is currently being used by them to manufacture 
homogenous metal pressure vessels as well as fiber reinforced metal 
vessels. As stated in Section IIA, the tasks of designing the Kevlar/ 
stainless steel vessel for this program and fabrication of the required 
metal liner assemblies were delegated to ARDE. 

A. DESIGN 

Initial criteria, which formed the basis for preliminary 
design of the Kevlar/ 301 pressure vessel, established the vessel 
burst-to-operating pressure ratio (safety factor) at 2:1 and the vessel 
fatigue cycle life at 1600 operating pressure cycles. Both of these 
criteria reflected the then current space program design criteria. 
Additional design criteria provided to ARDE are summarized on the 
following page: 
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parameter 


Valve 


Shape 

Vessel Weight 

Vessel Volume, Nominal .... 

Outside Diameter. 

Metal Shell Thickness . . • . . 

Kevlar/epoxy Composite Thickness 

Operating Pressure 

Metal Operating Stress 

Fiber Operating Stress 

^rst Performance Factor • • . 


Sphere 

TBD (minimum) 

0. 1 15 to 0. 123 
(7000 to 7500 in^) 

61.0 to 63. 5 cm 
( 24. 0 to 25. 0 in. ) 

0. 102 to 0. 127 cm 
(0. 040 to . 050 in, ) 

TBD 

TBD 

690 MN— (100 ksi) 
986 MN/m^ (143 k»i) 
TBD 


Material properties used for the design are presented 
in Table XV, and the resultant preliminary design analysis, provided by 
ARD£), is included as Appendix G. Engineering drawings of the welded 
301 stainless steel liner assembly (ARDE Part Number D3895) and the 
Kevlar FR spherical vessel (ARDE Part Number D3898) are shown in 
Figures 39 and 40, respectively. 

As noted in Appendix G, the design analysis defines the 
operating and design burst pressure of the vessel as 1790 N/ cm 
(2600 psi) and 3580 N/cm^ (5200 psi), respectively. Subsequent to 
preparation of the analysis, an ”in-house" subscale vessel effort was 
conducted by ARDE/SCI to verify the Appendix G design. The vessel 
utilized for the study was a 20.3 cm (8.0 inch) diameter scale model 
of the full scale Kevlar/ 301 vessel. Figure 41 shows two views of the 
subscale vessel. Based on the test results obtained during this effort, 
the vessel design operating and burst pressures were revised to 
1610 N/cm^ (2330 psi) and 3220 N/cm^' (4660 psi), respectively. 


PRECEDING PAGE BLANK NOT FILMED 
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MATERIAL PROPERTIES USED FOR KEVLAR/ STAINLESS STEEL VESSEL DESIC3^ 
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A s’ammary of final vessel design parameters for the Kevlar/ stainless 
steel vessel is given in Table XVI. 

Additional design requirements imposed on ARDE included 
the establishment of (1) a vessel port design which would allow the 
structural components (metal boss and composite shell) to operate as 
a unit during vessel pressurization, and (2) a method to predict vessel 
strains (plastically induced prestresses) during the sizing operation. 

ARDE developed a unique boss design to satisfy the 
porting requirements using previously computerized plasticity relations. 
The computerized analysis techniqvie not only accounted for induced 
stresses in vessel port components but also defined shape (geometry) 
changes which occur during vessel pressurization. The resultant 
port design was verified initially utilizing the 20. 3 cm (8.0 inch) 
diameter subscale vessels previously discussed. 

The method for strain prediction during the sizing 
operation had previously been developed by ARDE since the technique 
is inherent in their established cryosizing procedures. Briefly, 
vessel volumes are measured before and after cryosizing, and the 
average vessel strain c calculated from the volume change AV 
data according to the expression 3C = AV/V. 

B. FABRICATIC»i 

1 . Stainless Steel Liner Assemblies 

Six cryoformed 301 stainless steel liner assemblies 
were fabricated according to existing ARDE fabrication process speci- 
fications and inspection procedures. The primary operations included 
(a) hydroforming hemispherical shells from 301 stainless steel sheet 
material, (b) fabrication of bosses and subsequent welding into each 
hemisphere, (c) girth welding the hemispherical shells together, and 
(d) cryoforming each of the six resulting liner assemblies to a pre- 
determined internal volume. 

The as-rolled 301 stainless steel sheet material, 
from which the liner assemblies were fabricated, did not meet ARDE's 
specification for a 2B/ 2D finish and was unacceptable for standard 
flight hardware. Due to funding and time limitations and the desire to 
use the same heat of material supplied for fracture control data 
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TABLE XVI 


KEVLAR-49 FR CRYOFORMED 301 STAINLESS STEEL 
PRESSURE VESSEL DESIGN PARAMETER SUMMARY 


Parameter 

Value 

Shape 

Sphere 

3 3 

Volume, m (in ) 

0. 116 (7075) min 

Outside Diameter, cm (in) 

61.98 (24,40) 

Mate rials 

Metal Shell 

Cryoformed 301 
Stainless Steel 

Overwrap 

Kevlar-49/ epoxy 

Thicknesses, cm (in) 

Liner 

Filament- Wound Composite 

0. 107 (0. 042) 
0. 544 (0. 214) 

Weight, kg (Ibm) 

19.4 (42. 7) max. 

2 

Pressures, N/cm (psi) 
Operating 

Sizing at 78 K (-320 **F) 
Burst 

1607 (2330) 

2551 (3700) 

3213 (4660) min. 

Burst Factor of Safety 

2. 0 

2 

Operating Stresses, MN/m (ksi) 
Liner 
Filaments 

69.0 (100) 
986 (143) 

Operating Stresses, Including 
Scatter Factor 

1600 

Performance Factor, pV/W, J/g (in-lb/lbm) 
Operating 
Burst 

96.2 (836 000) 
192. 3 (772 000) 


(NAS 3-14380), a decision was made to hand polish the liner heads after 
hydroforming. The result was an abnormal thickness variation, and an 
improved but abnormal surface finish. Subsequent performance test results 
and metallurgical examinations of metal from hydroburst vessels (discussed 
in later sections of this report) indicated the material abnormalities had 
no effect on vessel perfc mance. 

Table XVII contains dimensional inspection data 
characterizing the initial and final cryostretch operations for all six 
stainless steel liner assemblies. A picture of two of the completed 
liner assemblies is shown in Figure 42; the winding shaft has been 
installed in one of the liners in preparation for filament- winding* It should 
be noted that even though the incoming material was out of specification 
no 301 stainless steel liners had to be scrapped during the entire 
manuf? ctur iA?g process (including initial hydroforming, boss and girth 
welding, and two cryoforming operations). 

Kevlar/ Stainles s Steel Pressure Vessels 

Pressure vessel fabrication consisted of overwinding 
completed 301 stainless steel liner assemblies with a predetermined 
uniaxial multi -^angular pattern composed of epoxy impregnated four-end 
Kevlar-49 roving; the resulting composite material was then oven cured. 
Following cure, the vessels were shipped to ARDE for a final cryosizing 
operation. 


The established filament- winding procedures. 
Appendix H, were used to overwrap six ARDE liner assemblies (Serial 
Number 001 through 006) to form pressure vessels defined by Drawing 
Number D3898 (refer to Figure 40). Figure 43 shows a liner assembly 
at two stages in the winding process and Figure 44 shows a completed 
pressure vessel. Table XVIII presents a summary of the fabrication 
data obtained for the six vessels, and the following paragraphs discuss 
problems encountered during fabrication efforts and the resultant 
solutions* 


a. Vessel 001 


Analysis of cryosizing data obtained for the 
first Kevlar/ stainless steel vessel, Serial Number 001, indicated a 
measuring system accuracy problem. As previously discussed, vessel 
strain (and prestresses) during cryosizing was based on AV data. 

The volumes were obtained by the **weight of water^^ method which requires 
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CRYOFORMED 301 STAINLESS STEEL SPHERES 




Figure 42: Cryoformed 301 Stainless Steel Liner Assemblies 
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(b)Partially Overwrapped L»iner Assembly 


Figure 43; 




Kevlar -49 Overwrapping Cryoformed 301 
Stainless Steel Spheres 
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Figure 44: Completed Kevlar /Stainless Steel Pressure Vessel 
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FABRICATIC»I DATA SUMMARY 
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accurate weight measurements for precise volume calculations. The 
scale utilized for weight measurements of Vessel 001 was readable to 
1/Zlb. increments. A 1/2 lb. error represents 20% of the delta volume 
and is unacceptable (as evidenced by relatively low burst pressure 
obtained for this unit). Based on this analysis, a scale with a reading 
accuracy of 0. lO-l’o was utilized during cryosizing of subsequent units. 

b. Vessel 002 


The measuring system accuracy problem with 
Vessel 001 was verified by initially cryosizing Vessel 002 to the same 
sizing pressure, 2606 N/cm^ (3780 psi), as Vessel 001 and ascertaining 
that strains were too low. Based on the strain data, the unit was subjected 
to an additional cryostretch at a sizing pressure of 3137 N/cm^ (4550 psi). 
Performance test results for the vessel, discussed in the following 
section, were very successful and verified that incremental e^yostretching 
can be accomplished without any vessel degradation; flexibility of the 
cryostretch process was demonstrated. 

The successful cryostretch and performance 
test results obtained for Vessel 002 established an allowable cryostretch 
pressure band for subsequent units at 3137 to 3275 N/cm^ (4550^4750 psi). 
This range is accepted by others as standard and is analogous to 
heat-treat strength ranges established for other alloys 
(e.g. , Titanium: 1103 to 1241 MN/m^ or 160 to 180 ksi). 

c. Vessel 003 


Problems associated with the overwrap 
process were experienced on the third Kevlar/ stainless steel Vessel 003, 
Althought the total amount of Kevlar roving applied to Vessel 003 was 
within 1. 5% of the requirement (compare Kevlar fiber weights Table 
XVIII), a local thin spot (approximately 7% less than the requirement) in 
the winding pattern at the polar boss area occurred. The deviation in 
winding pattern was caused by a tooling modification which, by necessity, 
was being evaluated concurrent with the winding operation, 

A further deviation causcjd by the tooling 
modification was the increase in elapsed time required to wrap Vessel 003, 
The unit was partially wrapped during the first day, allowed to sit overnight, 
and the wrap completed during the second day. The effect of this extended 
wrap period was a ’*resin rich" composite which resulted in a slightly 
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overweight veeeel (compare reein and composite weights for Vessel 003 
with the other five units in Table XVIII). 

Although no problems were experienced 
during the cryosizing of Vessel 003, subjected to a 

T.S s:;, — .... ~- 

testing A buckle did develop in this unit during performance testing, 
and details are discussed in Section III C2 of this report. 

d. Vessels 004 through 006 

Kevlar/ stainless steel Vessels 004. 005, and 

indicates the excellent control achieved during the xil^en § 

..ess Excellent control was also achieved by ARDE during the 
cryosizing operation as is apparent from the relative volume 
(AV/V is 1 %). Resultant metal/ filament prestresses after cryosizing 

^asedon AV/Vdata) were consistently reproducible. 


C. 


TEST PROGRAM 


1 . 


Instrumentation and Test Plan 


Prior to testing, all vessel . were instrumented with 
three "great circle" extensometer s and four biaxial strain gages accor mg 
to the detailed test procedures of Appendix E. Figure s ow 
^^pfcal teti setup o^a fully instrumented Kevlar/ stainless steel vessel. 

Preliminary performance test assignments for the 
six Kevlar/ stainless steel vessels are shown in the test plan of Appen ix 
E. As discussed in the following section on test results, this p an w 
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Fxg\ir 0 -4 5 I Test Setup, K.evl 3 .r 
Reinforced 301 Stainless Steel Pressure Vessel 


OP roov r-: 
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modified with NASA concurrence; the revised test plan is shown in Figure 46. 

2. Performance Test Results 

Performance test results for all six Kevlar / stainless 
steel vessels are summarized in Table XIX. The table indicates sizing 
data, of performance test given, the load level used for fatigue and 

sustained load testing, pressure cycles or sustained load period achieved, 
the failure pressure, and pertinent remarks. Pressure/ strain data 
obtained during the performance tests are presented as plots in Appendix I. 
The following paragraphs briefly describe individual test results. 

a. Vessel 001- Hydraulic Burst 

Kevlar/ stainless steel Vessel 001 was subjected 
to a static burst test; the resultant burst pressure was 3000 N/cm^ 

(4350 psi), which was 93% of the design burst pressure. A photograph 
of the vessel after burst testing is shown in Figure 47. Inspection of the 
photo indicates the basis for the failure-mode term "flower burst". 

Pressure/ strain plots for the vessel are contained in Appendix I. 

b. Vessel 002 - Cyclic Fatigue 

Kevlar/ stainless steel Vessel 002 was 
subjected to a cyclic fatigue test. The test consisted of pressure cycling 
the vessel 1600 times from zero to 1607 N/cm^ (2330 psi) to zero, 
followed by pressurization to burst. The vessel successfully passed the 
pressure cycling test and subsequently demonstrated a burst pressure 
of 3310 N/cm^ (4800 psi). The resultant safety factor was 2.06, and 
the corresponding performance factor (p^^ V/W) was 208 J/g (837 000 
in-lb/lbm). The failure mode was a "flower burst" similar to Vessel 001. 

Appendix I contains the pressure/ strain 
plots for both the fatigue and burst test conducted on this vessel. Ihe 
data is plotted in "bar form" at several different selected cycles to 
indicate the changes in operating strain range as cycling progressed. 


c. Vessel 003 - Cyclic Fatigue 

Kevlar/ stainless steel Vessel 003 was 
subjected to the same cyclic fatigue test as prescribed for Vessel 002. 
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Level 

Number 

Operating Pressure 
N/cm , (psi) 

Number of 
Fatigue Cycles 

Period at 

Sustained Load, Hrs 

1 

1607 (2330) 

1600 

96 (minimum) 
96 (minimum) 

2 

1862.(2700) 

1000 


FIGURE 46: 
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Revised Test Plan and Vessel Assignment for Kevlar 
Fiber Reinforced 301 Stainless Steel Spheres 
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Figure 47: Kevlar Reinforced 301 Stainless Steel Vessel 

After Static Burst Test 
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During the fatigue test, the vessel was checked for leaks at 690 N/cm^ 
(1000 psi) eN^ry 100 cycles, including the 1000th cycle, with no 
observable leakage. After the 1000 cycle leak check, cycling continued 
for 45 more cycles at which time a slight pressure decay was indicated 
by the recording equipment. Cycling was discontinued and a 690 N/cm^ 
(1000 psi) vessel leak check performed; results of the check indicated 
a leak type failure in the area of the polar fitting. The test was 
terminated at this point, and the vessel shipped to NASA LeRC for 
metallurgical examination. Figure 48 is a photograph of the failed 
vessel prior to the examination. 

Photographic coverage of the metallurgical 
examination conducted by NASA LeRC is contained in Figures 4 9 through 
51. Information obtained during the failure analysis is summarized in 
the following paragraphs. 


# Leakage failure of the vessel was due 

to a localized 3. 8-cm (1.5-inch) 
long crack in the metal membrane 
(through the thickness in several places) 
located approximately 1.3-cm (0.5- 

inches) away from one boss weld and 
oriented parallel to the weld (see Figure 
49 and 50). 

# The through crack was oriented along the 
center line of a very localized inward 
buckle in the metal shell, 5. 1-cm by 

10. 2-cm (2-inch by 4-inch area). There 
was no evidence of buckling at any other 
location on the vessel. 

# A significant fiat spot was observed on the 
inside surface of the filament- wound 
composite material precisely over the area 
of the metal liner buckle. The area of 
composite involved was approximately 

10. 2-cm by 15.2 cm (4-inch by 6-inch). 

# There was no evidence of thinning of the 
metal membrane in the failure area. 


119 


Locaiized leakage in area shown 



1 20 


NASA 



ORIGINAL PAGfi IS 
OF POOR QUALITY 


121 


FIGURE 49: Vessel 003 Metal Shell Failu 







C-75.731 
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FIGURE 50: Vessel 003 Metal Shell Failure Site Internal Surface View 
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FIGURE 31; Cross Sectional View of Vessel 003 Metal Shell at P’aiiure Site 



• A second external surface crack was 
observed approximately 3. 8-cm 

(f* 5-inch) away from the boss weld, 
starting approximately at the edge of 
the buckles, and oriented at 45° to 
the weld (Figure 49). 

• Branching of both the through-the-thickness 
crack and the surface crack was major 
(Figure 51). 

• Ductile cleavage type failure was observed 
in two areas on the inner edge of the 
through crack and in two areas on the 
outer edge of the surface crack (Figure 51). 

A review of the fabrication process and 
inspection records for Vessel 003 produced the following additional 
information: 


• No buckles in the metal shell were observed 
during visual inspection of the internal and 
external surface at various steps in 
fabrication prior to testing. 

• This vessel had a local *'thin spot"' in the 
Kevlar/ epoxy overwrap material (approxi- 
mately 7% less than the requirements) at 
the polar boss area near the liner buckle 
(refer to Section IIIBZc). 

• Higher prestresses (metal compression, 
filament tension) were intentionally 
induced in this unit during cryosizing as 
an overstress checkout for this diameter- 
to-thickness ratio (Refer to Section IIIBZc). 

Based on the above failure analysis and 
fabrication information, the details leading to failure could only be 
speculated. One explanation was: At some point during the overwrap 
operation (prior to or during cure of the vessel) a local flat area developed 
(or was induced) in the metal shell. This flat spot was not visually apparent 
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during in-process inspections of the overwrapped vessel- During the 
metal compression part of the fatigue cycle test, the flat area caused 
debonding of the metal from the composite and resultant buckling. 

The metal snap-through capability was probably amplified by the thin 
region of composite material and/or higher prestresses existing in this 
unit. Subsequent fatigue cycling caused local bending of the buckled 
section, a high stress concentration, crack initiation, and failure. 

Since the final three vessels had already 
been fabricated (with excellent process control), the only applicable 
recommendation resulting from the above analysis was to perform an 
additional examination of the interior of vessels for flat spots, buckles, 
and flaws. 


d. Vessel 004 - Cyclic Fatigue and Sustained 

Loading 

Kevlar/ stainless steel Vessel 004 was 
subjected to the recommended additional interior examination - no defects 
were found. The vessel was instrumented and subsequently pressure 
cycled 1600 times from zero to 1607 N/cm^ (2300 psi) to zero. 
Following the fatigue test, the vessel was subjected to sustained pressuri- 
zation for 150 hours at 1607 N/cm^ (2330 psi). The vessel successfully 
passed both these tests without leakage or failure and was subsequently 
pressurized to a burst pressure of 3137 N/cm^ (4550 psi). The 
resultant performance factor (p^ V/ W^.) for this vessel was calculated 
to be 203 J/g (814 000 in-lb/lbm) with corresponding factor of safety, 
based operating pressure, of 1.95. Failure mode of this vessel was 
a “flower burst" similar to Vessels 001 and 002. Pressure/ strain plots 
depicting both the fatigue and sustained load tests are contained in 
Appendix I. 


e. Vessel 005 - Off Limit Cyclic Fatigue 

The criteria for performance testing of 
Kevlar/ stainless steel Vessel 005 were reevaluated and revised at this 
point in the test program. The options which were considered during the 
evaluation were (1) to continue the test program as planned, which would 
have included pressure cycling at 1607 N/cm^ (2330 psi) or half of 
design burst pressure as was the case for ^^essels 002, 003, and 004, 
or (2) to perform an off-limit test with the current vessel design in order 


to obtain more cyclic fatigue data at higher metal stress levels to develop 
stress versus cycles to failure trends* 

Option (1), the original contract requirement, 
would have provided addditional vessel data at the same test conditions 
as before, and if successful, would have emphasized the repeatability of 
the Kevlar/ stainless steel vessel design and fabrication. On the other 
hand, the baseline for the current space vehicle composite vessels had 
changed to a 1.5 factor of safety; the test results to date did not give 
full scale Kevlar/ stainless steel vessel pressure cycling data at this 
revised design condition. Option (2), the use of a higher operating 

pressure for cyclic fatigue testing, would provide this data. 

The problem with Option (Z) was that the 
unreinforced metal bosses were designed for 1600 cycles of fatigue at 
1607 N/cm^ (2330 psi). Increasing the tank operating pressure 
significantly increases maximum stress in the metal bosses. After 
preliminary design type analyses (without computer program aid as was 
used in developing the original design) SCI/ARDE concluded that increasing 
the operating pressure to 1862 N/cm^ (2700 psi) for a 1000 cycle 
test might not push the design too far. However, since there is a large 
scatter in fatigue tests, a degree of risk existed in attempting to obtain 
this performance increase with a metal boss design intended for a lower 
operating stress. 


Option (2) was recommended by SCI/ARDE, 
and NASA concurred with the recommendation. Following the decision, 
Vessel 005 was pressure cycled 1000 times from zero to 1862 N/cm^ 

(2700 psi) to zero. The vessel successfully passed the cyclic fatigue 
test without leakage or failure and was subsequently pressurized to a 
burst pressure of 3206 N/cm^ (4650 psi). T h e resultant performance 
factor (pjj V/W) for this vessel was calculated to be 210 J/ g (843 000 
in-ib/lbm) with a corresponding 1.72 factor of safety based on the 
1862 N/cm^ (2700 psi) operating pressure. Failure mode for the vessel 
was of the ’’flower burst” type. Pressure/strain plots for the fatigue 
and burst tests are contained in Appendix I, 

f. Vessel 006 - Off Limit Sustained Loading 

The final Kevlar/ stainless steel Vessel 006, 
was placed under sustained pressurization at the same ”off limit” operating 
pressure utilized for the fatigue testing of Vessel 005. Pressurization of 
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the vessel was maintained for 2230 hours (93 days) without any evidence 
of leakage or failure. During the test, day and night te.mperature 
variations induced a pressure variation of + 70 N/cm (+ 100 psi). 

This fluctuation was controlled but since full-time observation was 
impractical, the pressure actually reached 2070 N/cm (3000 psi) 
on several occasions during the test. Upon completion of the test 
at SCI, the vessel was shipped to NASA LeRC. Subsequent testing by 
NASA included 1000 cycles from 0 to 1862 N/cm (2700 psi) followed 
by 800 cycles from 0 to 1607 N/cm^ (2330 psi); the failure mode was 
leakage through the wall. 

3. Evaluation of Test Results 

The validity of computerized plasticity relations 
used to analyze the port area and the resultant boss design itself were 
both verified during the test program. The bosses were not failure site| 
even at the "off-limit" cyclic fatigue operating pressure of 1862 N/cm 
(2700 psi)* 

Neither cyclic fatigue nor sustained loading had 
an effect on the hydraulic burst pressure of the vessels. In fact, the 
highest value of burst pressure, 3310 N/cm^ (4800 psi), was 
obtained from a unit (Vessel 002) which had initially been subjected to 
1600 operating pressure cycles prior to hydroburst. Althought the exact 
series of events which lead to the failure of Vessel 003 during fatigue 
cycling could not be pinpointed, the vessel still sustained 1045 operating 
pressure cycles before failure occurred; further, the failure mode was 
leakage through the wall and not catastrophic failure. 

Vessel 006 demonstrated a performance factor ^ 
of 210 J/g (843 000 in-lb/lbm) at the burst pressure of 3206 N/cm 
(4650 psi). This remarkably high factor was achieved after the vessel 
had been subjected to 1000 fatigue cycles at an off-limit operating pressure 
of 1862 N/cm^ (2700 psi). The average operating performance factor 
at the design operating pressure of 1607 N/cm (2330 psi) was 101 J/g 
(407 000 in-lb/lbm); the average performance factor at the off-limit 
operating pressure of 1862 N/cm^ (2700 psi) was 122 J/g (489 000 
in-lb/lbm). The variation of operating performance factors was within 

+ 2 %. 
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IV. 


CONCLUDING REMARKS 


The principle program objective --to verify the advantages of 
overwrapped metal pressure vessels for future flight vehicles, as well as 
demonstrate the technology readiness and suitability of the vessels for 
the application -- was accomplished. Both the 61 cm (Z4-inch) diameter 
Kevlar-49/ cryoformed 301 stainless steel sphere and the 97 cm (38-inch) 
diameter Kevlar-49/ 2219 aluminum sphere, which were developed and 
tested under this program, were of lighter weight than competing monolithic 
metal vessels and incorporated controlled failure mode features. 

A. KEVLAR/ 301 STAINLESS STEEL PRESSURE VESSELS 

The reliability of existing design techniques and 
repeatability of fabrication processes utilized for the Kevlar/ stainless steel 
vessel was demonstrated as summarized below: 

• A unique boss design, previously developed by 
ARDE, performed as designed during all 
performance testing conducted. The bosses 
were not failure sites even at the off-limit 
operating pressure of 1862 N/cm^ {2700 psi). 

• The validity of existing computerized plasticity 
relations used for design of the vessel ( and 
ports) was verified during both the cryosizing 
operation and the performance test effort. 

# Excellent repeatability of major manufacturing 
processes was demonstrated. The variation in 
Kevlar/ epoxy composite thickness was within 
^2.7%; variation in total vessel weight was 
J_l. 2% (non-representative Vessel 003 has 
been excluded). 

♦ Excellent control during the cryosizing operation 
was also achieved as evidenced by relative 
volume change AV/V values obtained; the range 
in AV/V was from 0.96 to 1.0%, excluding non- 
representative Vessels 001 and 003. 

The weight advantage of Kevlar/ stainless steel construction 
and the reliability of pressure vessels during operation was demonstrated 
as summarized below: 
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• Maximum performance at burst P^V/W achieved 

during the test program was 210 J/g (843 000 
in-lb/ Ibm). This represents a 35% weight savings 
over the lightest weight, 6A1-4V Ti (STA), homogeneous 
metal pressure vessel* 

• Technology readiness and suitability of full-scale 
hardware for flight vehicle application was 
demonstrated. Vessels achieved a burst-to-operating 
safety factor of 1.72 after 1000 fatigue cycles at 

an operating performance factor P^V/W of 222 J/g 
(489 000 in-lb/lbm). 

• Anticipated non-fragmentation and controlled failure 
mode features of composite vessels were demonstrated. 

When failure occurred during fatigue cycling (Vessel 003), 
the mode was localized leakage and not catastrophic. 

B. KEVLAR /ALUMINUM PRESSURE VESSELS 

The ability to design and fabricate large filament over- 
wrapped vessels with load bearing liners was verified by the manufacture 
of the 97 cm (38-inch) diameter Kevlar /aluminum spheres. Information 
obtained during the design/ fabrication phases of vessel development is 
summarized below: 

• The use of bolted end-closure design for the large 

ported vessels was inadequate. The revised design, 
incorporating a tie- rod to carry the port load, 
provided a good solution for completing performance 
tests on existing vessels, 

^ 'Phe thickness tolerance obtained for aluminum half 
shells was excellent; many exceeded the established 
acceptance criteria and met the thickness tolerance 
"design objective"defined in SCI Drawing 1269381. 

# Port areas of future liner assemblies with integral 
bosses should be initially machined "rough" and 
final machined after heat treatement . 
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• Quenching of large volume aluminum liner assemblies 
can be accomplished in the required 15 second time 
period without distortion of the part. 

Information obtained during testing of the Kevlar / aluminum 
vessels is summaried below: 

• The good comparison of measured strains and 
volumetric expansions with design values verified the 
validity of the analytic method used to predict shell 
stresses. Measured values of internal volume after 
the sizing operation were within 0. 3% of each other. 

A typical recorded strain range for a vessel after 
sizing was 0, 15 to 0. 35% compared to the design 
value of 0. 30%. 

® The leak type failure of Vessel S-5 during fatigue 
cycling verified the anticipated safety (controlled 
failure mode and leak-before-burst) of filament - 
reinforced metal pressure vessels. 

• Maximum performance for the 97 cm (38-inch) 
diameter Kevlar/ aluminum pressure vessel at 
failure (p^V/W) was 164 J/g (658 000 in-lb/lbm). 
Failure was of the tie-rod and not the vessel itself. 

The potential performance factor for this vessel 
(Serial Number S-4) at the predicted burst pressure 
of 3137 N/cm^ (4550 p si) was calculated to 

be 191 J/g (768 000 in-lb/lbm). 
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DESIGN ANALYSIS 
PRD- FIBER REINFORCED 
ALUMINUM SPHERE 


This report covers the design and analysis of a 37. 5- inch-diameter spheri- 
cal PRD Fiber Reinforced (PRD FR) aluminum pressure vessel to be used in a 
test program which will demonstrate the sutitability of this type of vessel for 
future flight vehicles. 

I. DESIGN C R ITERIA 

The PRD FR aluminum pressure vessel design, 5>hown in the reference 


drawings, was prepared according to 
Shape: 

Size: 

Metal Shell: 

Fiber Reinforcement: 

Resin Matrix: 

Winding Pattern: 

Ports: 

Operating Temperature: 
Operating Pressure: 

Burst Factor of Safety: 
Operating Cyclic Life: 

Reference Drawings: 


the following criteria: 

Spherical 

37. 0-inch inside diameter 
Z219 T-62 aluminum 

Continuous four-end PRD-49-III Roving 

Epoxy (to be determined) 

Axisymmetric , Multiangular , in-plane 
pattern 

Five -inch ID, two places axially opposed 
Ambient 
1820 psi 
2 . 0 

400 operating cycles frorr; 0 to 1820 psi 
to meet service life requirements (1600 
operating cycles for qualification) 

Pressure Vessel-SCI Drawing 1269^82 
Liner Assembly-SCI Drawing 1269381 
”B” change 


^Kevlar-49 roving was formerly designated as PRD-49-III Roving. 


II. MATERIAL PROPERTIES 


This section covers the mechanical properties required for (1) design of the 
pressure vessel, and (2) structural analysis of the resulting design. 

A. DESIGN VALUES 

Table AI presents a summary of the mechanical properties used for the 
design of the PRD FR aluminum sphere in terms of ambient values and their 
derivatives with respect to temperature. Since the design equations, described 
in Section III, require a bi-linear form for the metal shell stress/ strain relation, 
the tabulated values for yield strength and "plastic" modulus of the aluminum, are 
different from the conventional values; the method outlined in Reference Al was 
used to obtain these values. The remainder of the mechanical properties listed 
in Table AI were obtained from Reference A2 (recent verification of the values is 
reported in Reference A3). 

The value for maximum allowable compressive stress in the mietal 
shell listed in Table AI is equivalent to the tensile proportional limit of the 
material at the stated temperature. This value was selected to minimize any 
hysteresis effects in the metal shell during pressure cycling. 

B. ALLOWABLE STRENGTHS 

Table All presents a summary of allowable tensile strengths selected 
for use in the structural analysis. Strength levels at cryogenic and elevated 
temperature are included for reference only. 

1. Z219 T-62 Aluminum 

The minimum values for both ultimate and yield strength of 
parent 2219 T-62 aluminum were obtained from MIL-HDBK 5A Reference A4). 
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The ZZ19 T-62 aluminum weld metal ultimates were based on typical weld joint 
efficiencies developed in References AZ and A3 applied to the MIL-HDBK 5A 
minimums. Reference A3 indicates no reduction in yield strength is expected for 
2219 T-62 aluminum weldments, thus tabulated values for yield strength apply 
to both parent and weld metal. 

2. PRD 49 Filaments 

Aerojet/SCI has developed a systematic approach to the design 
of filamient- wound vessels (Reference A5) and is using it in a number of applications 
The method involves the use of pressure-vessel design factors, corresponding to a 
range of dimensional parameters, to determine the allowable strength for each 
configuration. The factors are based on data collected over the past 10 years 
from tests on several thousand of pressure vessels; these vessels ranged in 
diameter from 4 to 74 inches and had significant variations in their design para- 


meters. Included as factors used for the selection of design-allowable values 
are the strength of the roving, resin content, envelope dimensions (length and 
diameter), internal pressure level, axial port diameters, temperature, sustained 
loading requirements, and cyclic loading requirements. The methoG was used 
in this analysis to establish realistic values for the allowable ultimate tensile 
strength of PRD-49-III filaments for the 37. 5-inch diameter PRD FR aluminum 
sphere. 


The allowable filament strength is given by the relation 

= K 1 K 2 K 3 K 4 K 5 (sec^ O' ) Ff (Al) 


Where the design factors (K^), from Reference A5, are based on the specific 
vessel parameters: 
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Parameter 

Design Factor 

Dc = 37. 5 inches 

Ki = 0.77 

Db/D^ = 0. 167 

K2 = 1.01 

No cylinder 

K 3 = 1. 00 

t£/D^ •^0, 0025 

Kq = 0 . 92 

T = 75'^F 

K3 - 1. 00 


For Type III "^RD-49 filaments, the minimum ultimate tensile strength, 

F^, is 400 ksi, and because the sphere utilizes a multiangular wrap pattern 
the sec^ry term approaches one. Thus, the single-pressure -cycle minimum 

al’owable filament strength is 

Ftu, f = 0 . 77 (1. Oi) (1. 00) (0. 92) ( 1 . 00) 400 ksi 
= 286 ksi 

This vaue converts to a PRD/ epoxy composi t e wall strength of 

Ftu, c ~ ® - ^ ^vf ^tu, f 
= 0.5 ( . 65) (286) 

tu ,c~ 93.0 ksi 

It should be noted that the design factors used in ihe above m-ethod were 

developed for S-Glass filament-wound pressure vessels. Since a laige 

quantity of dimensionally different PRD filament-wound vessels have net been 

fabricated by industry, including SCI, the validity of the factors for PRD FR 

vessels has not been substantiated. Other evaluations of PRD composites 

which have been done at SCI indicate the factors are conservative and will 
not compromise this current vessel design. 

The degree of conservatism can be seen by comparing recent test 
results for SCI PRD/epoxy filament-wound spheres which have produced an 
average ultimate filament stress of about 330 ksi, or 107 ksi composite wall 
strength. 
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III. VESSEL DESIGN 


A. DESIGN METHODS 

Stresses, pressures, and dimeiisional parameters not fixed by the 
design criteria (Section I) or material allowables (Section II) were established 
from previously developed compatibility and equilibrium equations reported in 
Reference A2. Since Che sphere maintains a 1:1 bi -axial stress state for all 
combinations of pressure and temperature, the equations of Reference A2 were 
simplified as described in the following paragraphs. 

Stress and strain equations for the PRD/ epoxy shell were based on 
netting theory which assumes constant stress along the filament path and 
negligible structural contribution from the resin matrix. The resultant equation 
for the change in filament strain from a condition "old" (o) to a condition "new" (N) 
is 



As in Reference A2j a. bi-linear form for the metal shell stress /strain 
relation was used for analysis of t :e sphere. The resultant general (elastic/ 
plastic) strain equation for the metal shell is 



equal to zero. Poisson’s ratio in the plastic ^'a.nge,-^ , was assumed to be 1/2, 
and values for the other material properties are recorded in Table AI and All. 


Strain compatibility between the metal shells was maintained in the 


analysis by the requirement that 


Ae^ = 

for all combinations of temperature (T) and pressure (p)- 
was maintained by the membrane stress relation 


Further, 


load 


(A4) 

equilibrium 


The parameter te is the equivalent thickness of PRD in the vessel and is defined 
by the relation 

B. PARAMETRIC STUDY 

In order to establish a weight-optimized design for the PRD FR aluminum 
sphere, a parametric study was performed according to the following procedure: 

1. Fix all parameters defined by the design criteria (Section I) and 

the material properties (Section II). 

Z. Select a value for filament operating stress ((Tof). subject to the 

criteria 

ksi 

3. Select several values for the metal shell operating to sizing 
stress ratio ^ ^ ~ ’ where 

= initial sizing stress in metal 
= operating stress in metal 
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4. 


Solve equations (2) through (6) for the unknown design 


parameters, and then calculate vessel weight and burst factor of safety, for eac 
value of 

5. Repeat Steps 2 through 4 to establish vessel weight trends. 
Figure A1 presents the results of this study for a burst factor of safety range 
between 1.4 and 2.0. Stress curves have been included in the design range 
to provide a method for evaluating specific design points. Also included as 
Figures A2 and A3 are curves relating aluminum thickness, sizing stress, and 
operating stress for use in establishing vessel cycle life. 


C. ADDITIONAL DATA NEEDED FOR ESTABLISHING VESSEL 

CYCLE LIFE GUARANTEED BY PROOF TEST 


To establish the cycle life guaranteed oy proof test of specific vessel 
designs, values of aluminum thicknesses, sizing stresses, and operating stresses 
must be established. Figures A Z andA3present the range of these parameters which 
correspond to the previously defined weight and factor of safety range. The method 
used to establish values for the necessary parameters for a specific design was as 
follows: 

« Aluminum thickness was fixed at 0. 1 54- in-minimun, based on 

preliminary design analysis and metal liner manufacturing plans 
for this program 

• Based on results obtained on contract NAS 3-14380 (Development 
of a Fracture Control Method for Composite Tanks with Load 
Sharing Liners) and preliminary fracture control design calcu- 
lations, Ksd was chosen as approximately 0.55. 

• Using a safety factor"^^//t of 2, diameter (D) of 37. 5-in, oper- 
ating pressure (A) of 1820 psi, and liner thickness (t ) of 0. 154-in, 
filament operating stress (^of) w a s determined from 
Figure A2. 

• From Figure Al ^qV/W was determined. 

• Aluminum sizing stress ( determined from Figure A 3 based 

on Ksd and of ■ 

• Aluminum operating stress ^^oj^ calculated from the expression 

(Ts 

Specifics are summarized as follows 


D, in 

37. 5 (OD liner) 

tL’ 

0. 154 

V, in3 

26, 935 

^^1 n 

2. 0 

psi 

1820 
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Pb> Psi 

3640 (Minimum) 

Po° 


, psi 

444,000 



^of’ P*"' 

145, 000 (Figure A2) 

Ksd 

0. 53 (Figure A2) 

^ psi 

47, 500 (Figure A3) 

^ ol. psi 

25 , 175 

Po V/W, in 

370, 000 (Figure Al) 

Pb (min) 

740, 000 

W, lbs 

132. 5 

p a min _ -39,600 

-1. 57 


o max 25, 175 


D. DETERMINATION OF VESSEL CYCLIC LIFE GUARANTEED 
BY PROOF TEST 

It should be mentioned at the onset of this analysis that numerous 
assumptions were made during the course of developing the procedures, and the 
data on which these assumptions were made are limited in nature. Because of 
this, the results presented herein should be considered only rough estimates and 
should be used primarily to establish data trends. As more data comes in from 
NAS 3-14380 work in progress, much firmer estimates of cyclic life guaranteed 
by proofing will be possible. 

Reference A3 data show basically that for 2219- T62 aluminum, flaw 
size screened by sizing/proof testing is almost identical between base metal 
and weld metal'^=. Also, for 0. 180-inch material, flaw growth rates for base 
metal and weld metal were almost identical. These trends are expected to hold as 
more data are developed, and base metal data (which is believed to be slightly 
conservative) will be used for the analysis. Also RT proofing was no less 
effective than cryogenic proofing with respect ot flaw size screening. 

^ Actually, a smaller flaw is screened in weld metal than based metal; and 
calculations based on base metal result in least cyclic life. 
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The first step in the analysis was to establish the maximum flaw size 

that could exist in the liner after the sizing cycle. Reference A3 static 
fracture results showed (1) that for the same failure stress the flaw depth 
causing failure was larger for the actual tank tests (biaxial stress field) 
compared to the uniaxial tests, and (Z) no flaw extension occurred for the 
actual tank tests during sizing as it did in uniaxial tests. However, 
this biaxial data was developed for only one liner thickness. For the analysis 
presented herein, it was assumed that the flaw depth existing in an overwrapped 

tank after sizing could be approximated by using uniaxial static fracture and 


growth-on-loading results. If more tank test data were available for various 
liner thicknesses this assumption would not have been necessary. 

The uniaxial static fracture data were cross-plotted to generate a family 
of curves for constant sizing stresses relating the initial flaw depth that will 
cause failure to the liner thickness. This relationship is presented in 

Figure A4. The initial flaw depth is the flaw depth present in the liner prior to 
sizing and it is assumed that the flaw shape (a/Zc) associated with the inital 


flaw is 0. ZO. For a given liner thickness and sizing stress. Figure A4 was 
used to determine the initial flaw depth that would have failed a uniaxial 
specimen. Uniaxial growth-on-loading data generated in Reference A3 is 
schematically illustrated in Figure A5. As the figure indicates, the amount 
of flaw depth growth-on-loading occurring is greater for larger initial flaw 
depths and asymptotically approaches the initial flaw depth that will cause 
failure. Because of the nature of the flaw growth-on-loading, it was necessary 
to select an initial flaw depth that was less than the one that would cause 
failure during sizing. For this analysis a flaw depth of 90% of the uniaxial 
a was arbitrarily assumed as the initial flaw depth prior to sizing. The 
flaw dimensions after sizing (as subscript) are defined by the equations below: 


0,9oi!^ ‘ 

j^O. 90 


t + A ag 
= 2c 


= a 


as 


as 


(A7) 

(A8) 


where Aag = growth- on-loading, and the factor of 5 in Equation (A8) 


is based on an assumed initial flaw shape (a / 2c) of 0.20. 


Only a limited amount of growth-on-loading data is available on 2219-T62 
aluminum. The relationships used in this analysis are presented in Figure A6 
and are based upon data generated in Reference A3. It was assumed that 
these curves were independent of sizing stress but, in reality, a family of curves 
as a function of sizing stress would exist. 

The second step in the life analysis was to determine how many operating 
cycles it takes to grow the flaw (after sizing) to a point where either the liner 
leaks or fails. Liner leakage occurs when the flaw depth eqaals the liner thick- 
ness. Failure in the base metal was assumed to occur when the combination of 
flaw depth and operating stress level equals an apparent stress intensity value of 
31.7 ksi ^ in. This value was based upon RT base metal data of Reference A3 
The stress intensity equation used is presented below. 


where 



K ^ stress intensity factor 


(A9) 


Q - flaw shape parameter (Figure A7) 

Mr - deep flaw magnification factor (Figure A8) 


A numerical integration technique was used to determine the number of operating 
cycles required to grow the flaw from its state after sizing to the cutoff condition 
(leakage or failure, whichever occurs first). This flaw growth potential was di- 
vided into increments of A a and the numner of cycles required to grow fta 

is A a = A N : these N’s are then summed to give the total cyclic life. It 
da/dN 

was assumed that the flaw length remains constant until the flaw shape reaches 
0.35 and then the flaw shape remains constant; this is based on observations of 
flaw growth behavior in 2219 aluminum. 

Uniaxial data must be modified as applied to overwrapped tanks. Over- 
wrapped liners operate from compression to tension during a zero-to-full pressure 

For this analysis, ^s was assumed equal to for Q determination 
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cycle. From data presented in Reference A3, it was evident that rate data 
is a function of R ratio (^min/ '^max) and this should be accounted for. 

Very recently, data were run to determine the influence of 'min/ ^max (R 
ratio)on cyclic life of surface flawed 0.090-inch material as related to 
overwrapped metal vessel. Results of some of the preliminary tests are 
shown in Figure A9, giving the variation in relative cyclic life as a function 
of R value with ^max of 36. 1 ksi. The correlation appears excellent 
especially where negative R ratios are concerned. The failure mode 
was leakage for all tests conducted. 

Additional data are given in Figures AlO and All for 2Z19'T6Z aluminum 
tested at R ratios up to -Z.O, with ^max values of 36. 1, Z4, 1 and 18 ksi, 
further confirming and correlating the results. 

The value of da/dN for each increment of A a growth was determined 
from the data presented in Figure AIZ for ^max = 36 ksi, R = O, t^ - 0. 180-in 
(close to 0. 154-in). Stress intensity for these calculations was based on 
equation (3) without the . Then data of Figure All were used to adjust 
results for the tank design R = -1. 57 and ^o = Z5. Z ksi. 

Sample calculations and results for the tank design of interest with 
Kg^=0. 53 are given in T ible AIII. Basea on the foregoing assumptions and 
data for a/Zc = 0. Z, cycle life guaranteed by a proof test is about 570 cycles; 
this meets the 400 cycle operating requirement. 


E. 


REASONABLE TANK REPROOFING INTERNAL 


It ib desirable that tanks be suitable for 400 flight service 
cycles, and considering data scatter, the qualification program would 
then require demonstration of a 1600 cycle capability. The greatest cycle 
life that can be guaranteed by the conservative fracture mechanics approach 
would be 570 cycles. Thus, it might be possible to pass the 1600 cycle 
test during vessel qualification, since it is unlikely that any given tank would 
contain an undetected flaw as large as a^j- after proof. However, it is 
recommended that for this design, for both flight and qualification hardware, 
a reproof be made after every 500 cycles. 

F. METAL SHELL MODE OF FAILURE 

The Reference A3 specimens (up to 0. 320-in thick) were 
subjected to a sizing (proof) stress in the plastic range of the material and 
subsequently cycled to failure at various stresses below the sizing stress. 

The mode of failure was the leak type for all specimens tested (i.e. the 
leak mode failure exhibits no visual structural damage; the fail mode of 

failure is more energetic and results in rapid crack propagation in the aluminum. 

In order to provide a conservative estimate of the fail mode crack 
depth for a given thickness and cyclic operating stress level, the following 
assumptions were made: 

(1) Kj^ (as modified by plasticity effects) has a value of 
31,7 ksi Sin. This was the minimum value obtained during static fracture 


testing. 


( 2 ) 


When the stress intensity, as defined by the relation 

K = 1.95 ^(— ) 

q 

reaches Kj^, fail mode of failure will occur. 

(3) The surface flaw is initially defined by a/ 2c 0.2, 
and the primary flaw growth is in the depth direction. As the flaw approaches 
the back surface (flaw depth = thickness), the flaw shape is defined by 

a/ 2c - 0. 35. The corresponding deep flaw magnification factor (M^^) is 
approximately 1.25. 

(4) Equating the stress intensity (K) to the value of 

Kj^, the relation may be solved for the critical thickness (a = which 

will cause fail mode of failure (as opposed to leak mode) for a given 
operating stress (a = 

The results are depicted in the fail/leak curve of Figure 
A13. For both modes of failure, destruction or fragmentation of 
the composite overwrap is not expected (based on ambient test results 
obtained under Contract NAS 3- 14380). For the designs of interest, 
thicknesses and operating stresses are well within the leak mode of 
failure regime, 

G. FILAMENT -WOUND COMPOSITE THICKNESS 
The equivalent thickness of PRD is 

PqD ^ ^ 

tg = — i 1 =0.091 (A5a) 

^ of 


154 


and, the composite thickness is 


where 


. 2te 

tc = 1_ = 0.280 in 

Pvf 


(A6a) 


PVr 


0. 65 for PRD/Epoxy 


H. LOAD BALANCE CHECK 

The operating condition has been checked above. 

For the burst pressure condition 

^ F t 1- F 


F t 

tu.L L 
34,125 Ib/in 


t u, f 


where 


L 


51 , 800 psi 


(A5b) 


^ ^ - 286, 000 psi 

The liner carries 24% of the load and the filament -wound composite 76%. 

I. LOAD-DUMP CHECK 

This refers to the capability of the FWC to sustain the entire applied oper- 
ating pressure load if the metal should fail and have no load carrying capability 
whatsoever. 


p R 

o 

2 


17,063 lb /in = 

Cf - 17,063 Ib/in 

0. 091 


(A5c) 

187, 505 « Z86, 000 psi 


J. 


WEIGHT DATA 


Mid-Diameter Liner, D^ 
Mid-Diameter FWC, D 

c 

Outside Diameter Vessel 
Vessel Membrane Weight, 


- 37. 346 in 

- 37. 780 in 

= 38.060 in 

W , is determined from 
M 
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= 12.57 

M 




f • • {f-y /. 


(A 10) 


where 




68.84 + 61.54 


0. 102 Ib/in' 


0. 049 lb/ in ^ t 


130. 33 lbs 


0. 154-ir 


0. 280«in 


Total Weight (minimum design) 130. 38 lbs 


Tolerance Contingency and Bosses 17, IZ lbs 


Total 


147. 50 lbs 


The weight contingency is divided as follows. For the metal liner » the 0. 154-in 
thickness is design minimun, with a permissable tolerance of -0. 000/ + 0. 030 in; 
actual metal shell weights, including tolerances and the polar boss fittings are 
expected to be 10.46 lbs over the computed minimum values. The filament wound 
composite can be fabricated to 0. 280-in nominal thickness at the equator, but 
there is a thickness increase up the shell from the equator to the polar bosses 
which is expected to add 6.66 lbs to the computed minimum values. 


K. Performance Efficiencies 

Based on the foregoing data, pressure vessel performance efficiencies 

3 

are as follows for 1820 psi operating, 3640 psi minimum burst, and 26,935 in 
volume. 


w 

;^bv , 
w 


in 


in, minimum* • • 


Vessel Weight, lbs 
130. 381 147. 50 

375,830 332,350 

749,840 664,700 
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Expected burst pressure is greater than minimum design. Using 
Pb = ^tu, L^L + ^tu.f ‘e I = 4161 psi (A5d) 
with the following typical properties 
P'tu, L = 58, 000 psi 

^tu,f = 330,000psi 

tL = 0. 1 54 in 

t^ = 0. 09 1 in 

Expected p]^V / W based on 147, 50 lb weight is 

"ST 147.5 

Weight savings are expected to range from 11% minimum to 26% when 
compared to 6A1-4 V Ti (STA) spherical pressure vessels at p^V/ W = 600, 000 

in, 

L. STRESS VERSUS STRAIN DIAGRAM 

Detailed calculations were performed to establish stresses and 
strains at various conditions. Figure A14 presents the vessel stress-strain 
diagram. Membrane stresses in the PRD/ epoxy and aluminum shells are 
summarized in Table AIV. 

M. PRESSURE VERSUS STRAIN DIAGRAM 

Figure A15 gives the vessel design pressure versus strain curve. 

N. SUMMARY DATA 

Table AV lists summary data for the pressure vessel design. 
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IV. WINDING PATTERN 


Winding patterns for FR metal pressure vessels require the application of a 
specific quantity of roving in predetermined orientations in order to obtain the 
desired burst and/or operating pressure. Unlike the filament-wound oblate 
spheroidal vessel, whose head shape depends upon a single in-plane winding 
pattern, the head shape of a spherical vessel is fixed, and the pattern is designed to 
complement the shape. 

The basis for establishing a winding pattern for the sphere is the uniform 
stress field induced in the wall of a sphere when the vessel is subjected to pres- 
sure. Efficient filament loading is obtained if filaments are oriented in a balanced 
multiangular pattern within the wall. SCI has developed semi-emperical, axisym- 
metric, multiangular, winding patterns for spherical vessels based on these con- 
siderations . 


A. EQUATOR OF HEAD 


All oriented layers of fiber pass thru the equator of the head, and the 
filament thickness per layer of 4-end PRD-49 roving may be determined from the 
expres sion 


t£ = Af/Wf 


(A 11) 


where 


Af = cross sectional area of 4-end roving 
= 5*380 X 10"^ inches^ 


W£ = single strand ' .dth, fixed at 0. 130 inches 
Thus, the filament thickness per layer is 

tf = 5. 380 X 10 -^/O. 130 -- 0. 00414 inches 


Two layers are formed for each revolution of the winding mandrel. A value of 21 
revolutions (HR)of the winding mandrel was selected for this pattern, and for a 

volume fraction (Pvf) of PRU at the vessel equator equal to 0. 62'*S the resultant 
thickness at the equator is 

^ce ” ff /Pvf (A 12) 

= 2(21) (.00414)/0.62 
tee = O.ZSjO inches 
B. ADJACENT TO POLE 


Experience gained in testing GFR metal spheres has indicated that a 
10 to 15% buildup of composite material is necessary as a reinforcement in the 
area of the port. The average composite thickness adjacent to the pole resulting 
from one revolution of butt windings at the equator may be calculated from the 

expression , Vf 

(A 13) 




The volume of fiber (Vf) contributing to the buildup is 

Vf=N3Asft^ (A 14) 

The surface area of fiber (Ag^f) contributed by each tape (turn) may be found from 

the expression 


.2r- 




AY 


_ sm 2 


(A 15) 


Where, 


AV = cos 




Db 




(A 16) 



winding tape width = N£Wf 


'‘*^Based on actual measurements Af av erage for a FRD/ Froxy vessel is 0,65, 
with 0. 62 locally at the equator. 
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N 2 = number of rovings per tape 
Db = diameter of boss = 6 . 25 inches 


The number of turns per revolution {N 3 ) is related to the tape width by the expres- 
sion 


where. 


and 


th 


|S| = J-DcCos<Xp 
3 W, 

e polar in-plane angle (ttp) is 


^ . _1 / Dp + Wj 

Ofp = Sin ^ I — li- ^ 


Dr 


(A 17) 


(A 18) 


= diameter of sphere =37.5 inches 

Calculations were performed using equations(A13)thru(A18) to arrive at 
values of composite thickness adjacent to the boss as a function of four different 
tape widths. Results of the calculations are presented in the following table. 


N 2 

Wi 

(inches) 

(degrees) 

N 3 

(radians) 

As,f 

{inches^) 

3 

(inches^) 

^cp 

(inches) 

12 

1.56 

12. 0 

74 

0 . 841 

7. 546 

2 . 312 

0. 093 

10 

1.30 

11.5 

89 

0. 787 

5. 611 

2. 067 

0 . 103 

8 

1.04 

11.2 

111 

0. 722 

3. 925 

1. 804 

0.117 

6 

0. 78 

10 . 8 

148 

0. 643 

2. 489 

1.525 

0. 136 


Inspection of the above table coupled with practical considerations during winding, 

lead to the selection of a polar pattern consisting to two revolutions of 12- strand 

tapes and one revolution of 6- strand tapes. This pattern results in a total composite 

thickness adjacent to the port of 

t = 2(0.093) + 0.136 = 0. 322 inches 
cp 

which is 1.15 times the composite thickness at the equator. This value is within 
the required 10 to 15% buildup range. 
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c. 


ADDITIONAL PARAMETERS 


In addition to the three revolutions of windings adjacent to the pole, 
two circuits consisting of 9 revolutions (steps) each of IZ- strand tapes was 
selected to complete the winding pattern; the total pattern contains the required 
Z1 revolutions of two-layer windings selected in Section IV A. The circuit con- 
sists of windings placed at wrap angles (or steps) incremented by the expression 


Where, 


a = o + A a 4^ (i-^) ^ ^ 

i I 1 Z 


(A 19) 


i = 3, 


10 


= polar wrap angle for 1 2- strand tape = 12.0 degrees 

Lot - angular increnaent of polar step to second step, selected as 

1 2 


3. 5 degrees 

A Ot - angular increment, selected as 6.5 degrees 


The number of turns per revolution for the i'th wrap angle is given by the expres- 


sion 


N = TT D cos ft. / N_W (A 20) 

3, i c X 2 f 

Calculations were performed using equations (A 19) and (A 20) 
at values for the wrap pattern variables. Results of the calculations are pre- 
sented in Table AVI. 
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V. 


BOSS ANALYSIS 


A. FLANGE BENDING 


Only the most critical section of the boss, located at the base 
of the flange, was analyzed. Stresses there were determined by using the conserva- 
tive assumption that the flange is a flat plate witn a concentrated annular load and 



The end-for-end wrap pattern of the polar longitudinal filaments 
produces a rigid band around the boss that supports the flange. The load applied 
(W) is the reaction of the boss flange bearing against the composite structure. 

The total load is therefore equivalent to the pressure acting over the area within 
the reaction circle. The diameter at which the load is assumed to act (D^) is 

E>w = + ^1 

where 

Db = boss diameter = 6.250 inches 

Wj = polar winding tape width = 0.780 inches 

The bending stress at the juncture of the flange and boss (cr^) is calcu- 
lated in accordance with formulas for loading on a flat plate (Reference A6, Case 


22, p. 223): 


a 

b 

W 





9 

D “ 
w 


4 


(A 21) 
(A 22) 
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Thus, 

= tt{5.625)2(3640}/4(16) 

= 5651 pounds 

For 5/16-24 bolts with an ultimate tensile strength of 170,000, the ultimate tensile 
load per bolt (L^^) is 9800 pounds. The margin of safety is 

M.s. =2^ - 1 = 

5.65 
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c. 


FLANGE THREAD SHEAR 



Th6 ultim3.te shear strength of Z219“T62 aluminum (Reference A4) i* 32 ksi, and 
the margin of safety is 

M.S. 1 = +HIGH 
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1441 


CYCLE LIFE CALCULATION, PRD / 2219-T62 (Ksd 
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Adjusting to = 25.175 psi, R =-1.57, Relative flaw growth rate 

1597 cycles ^ Leak 

2.80 Relative Life 
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Operating 332 ^ 350 

Minimum Burst 064 700 

Expected Burst 750 ^ g40 


TABLE AVI 


PRD FR ALUMINUM SPHERE WINDING PATTERN 



Tape Width 

Wrap Angle 

jStep No. 

W (inches) 

a. (degrees) 

... -k. 


No. turns 
per revolution, 


N 




-269 MN/m (-39 ksi) 
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FIGURE AZ: Design Metal Shell Thickness Curves For 
Kevlar FR 2219- T62 Aluminum Spheres 



METAL SHELL SIZING STRESS 
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TOO 1000 10,000 

da/dN ( jX mm/CYCLE) 

FIGURE AlO: CYCLIC CRACK GROWTH RATES FOR 2.29 mm (0.090 INCH) THICK 2219- T62 

ALUMINUM BM AT 295K(72oF) and VARIOUS R RATIOS. 
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FIGURE A 13 

2219 T-62 MODE OF FAILURE AS A 
FyNCTION OF STRESS AND THICKNESS 
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MEMBRANE STRESS. MN/m 



FIGURE A14: Ambient Stress/Strain Relationship 

For Kevlar-49 FR 2219-T62 Aluminum Sphere 
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APPENDIX B 


SIZING TEST PROCEDURE^;' 
KEVLAR FIBER REINFORCED 
2219-T62 ALUMINUM SPHERES 
PART NUMBER 1269382-1 


SCI Specification 74-45, 


March 1974 


Prepared for 


NASA LEWIS RESEARCH CENTER 
CLEVELAND, OHIO 


Prepared by 
R. E. Landes 


STRUCTURAL COMPOSITES INDUSTRIES, INC. 
6344 North Irwindaie Avenue 
Azusa, California 91702 


Presentation of this proceoure in S. I. Units would reduce the clarity 
of this Appendix. The procedure is presented in the original form as 
written by the author. 
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1.0 SCOPE 

1 The purpose of this test procedure is to present the detailed 

methods and instrumentation to be used for establishing the 
required filament and metal pre stress conditions in the sphe 
ical^PRD Fiber-Reinforced (PRD FR) 2219-T62 Aluminum 
pressure vessels, P/N 1269382-1. 


* Kevlar-49 Roving was formerly designated as PRD-49-III Roving 


2. 0 REFERENCE DOCUMENTS 

NOTE: Latest changes apply to all documents. 

2. 1 SCI Drawing Number 1269382-1, titled: Pressure Vessel PRD- 

FR 2219 Aluminum Sphere 

2.2 SCI Drawing Number 1269381- 1, titled: liner Assembly 2219- 
T62 Aluminum Sphere 

2.3 SCI Drawing Number T- 1400138 Revision C, titled: Test Plate 

2.4 Design Analysis-PRD Fiber Reinforced Aluminum Sphere, SCI 
Special Report 7331 (Rev, A), dated January 1974 

2.5 Fabrication Procedure for PRD FR 2219 Aluminum Sphere SCI 
Shop Order Number 1269382-1 

2.6 Micr-Measurements Strain Gage Installation Procedure, In- 
struction Bulletin B-137, October 1970. 

2.7 SCI Drawing Number T- 1400264, titled: Tie-Rod 

2.8 SCI Drawing SK-75-001, titled: Tie-Rod Assembly 


191 


3. 0 DESCRIPTION OF TEST SPECIMENS 

3,1 The six (6) test specimens are spherical 38. 0 -inch- diameter 

PRD FR 2219-T62 aluminum pressure vessels fabricated as SCI 
Part Number 1269382-1 and serialized as S-1 thru S-6. 
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4.0 

4.1 


4.1.1 


4. 1.2 


4.2 


4.2.1 


TEST SPECIMEN DESIGN CONSIDERATIONS 

The test specimen Design Analysis document of Paragraph 2. 4 
presents calculated values of stresses, strains, and pressures 
including the resultant stre s s- strain and pressure-strain re- 
lations for sizing, operating, and bursting the test specimens. 
The calculations are based on average values for geometric 
parameters and material properties. 

Manufacturing tolerences inherent in the fabrication of the test 
specimens and normal variations in basic properties of the mat- 
erials of construction can strongly influence the predicted test 
results. The probable variations in these parameters are shown 
in Table BI. 


A variation between predicted values for stresses (strains) and 
actual stresses (strains) achieved during pressure testing could 
have a strong influence on the performance of the test specimen. 
This is especially true during the sizing test since this operation 
fixes the stress states between the metal shell and overwrap and 
the strain range available for later operation of the test specimen. 
Values for the most critical stress conditions which must be 
predictably achieved, if the specimen is to perform according 
to the Design Analysis, are: 

(1) Metnl Shell Sizing Stress ( Q*^) 47. 5 Ksi 

(2) Metal Shell Pre stress 

after sizing (F^) -39. 6 Ksi 

(3) Metal Shell Operating Stress 

/ rr ) 25. 1 Ksi 

' ^*0 

Note: The metal shell sizing stress (Item 1) may vary slightly 

with negligible effects on performance. 

Stress/strain and pre s sure / strain envelopes were prepared to 
indicate the probable variation in parameters which could b'- 
expected during the sizing operation. 

The stress/strain envelopes were based on equatio.. s from the 
Design Analysis (Paragraph 2.4), the metal shell material pro - 
perty range of TableBI,and expected values for composite 
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4. 2. 1 thickness (t^ = 0. 310) and metal shell thickness (t^ = 0* 173). 

Figures B1 and B2 indicate the stress/ strain envelopes based 
on filament modulii of 18.6 x 10^ psi (minimum value) and 
20. 0 X 10^ psi (maximum value), respectively. Included in 
each figure is a (canted) pressure scale for establishing 
the value of pressure for a given stress/ strain condition. 

4_ 2. 2 Figure B3 is the expected pressure/ strain envelope based on 

the combined stres s/ strain envelopes of Figures B. and B2. 
Several specific pressure/ strain curves corresponding to 
different fixed comoinations of material properties have 
been included in the figure. The procedure for using this 
figure to establish the correct sizing pressure during test 
of a specific vessel (which fixes the desired operating strain 
range) is covered in Paragraph 7.0. 
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5. 0 GEOMETRIC DATA ACQUISITION 

5, 1 As discussed in Paragraph 4. 1. 1, manufacturing tolerances 

cause variations in test specimen geometry, not only from the 
expected design value, but also from unit to unit. Since geo- 
metry was not included as a variable in the parameter envelopes 
of Figures B1 through B3, expected versus actual comparative 
data are required for each test specimen prior to test. 


5.K1 


5 . 1.2 


Expected values for selected geometric para- 
meters associated with the Liner Assembly, PN 
1Z69381, are recorded on Data Sheet Number !• 
Actual values for those parameters which can be 
measured shall be transferred from the Shop 
Order, Paragraph 2.5 to Data Sheet Number 1. 
The remainder of the parametric values shall 
be calculated using the equations of Enclosure B2 
and entered on Data Sheet Number !• 

Expected values for selected parameters asso- 
ciated with the Pressure Vessel, PN 1269382, 
are recorded on Data Sheet Number 2. Actual 
values recorded on the Shop Order, Paragraph 
2 . 5, shall be entered on Data Sheet Number 2, 
The remainder of the required values shall be 
calculated using the equations of Enclosure B2 
and entered on Data Sheet Number 2 . 
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STRAIN DATA ACQUISITION 


6.0 


6.1 


6 . 2 
6 . 2. 1 


6 . 2.2 


6. 3 
6. 3. 1 


6. 3. 2 


Strain gage and extensometer output will be used to fix the location 
of the individual pressure /strain curve within the envelope of 
Figure B3during the sizing operation performed on each test 
specimen. Expected test values for sensor calibration are re™ 
corded in Table BII. 

Strain Gage Rosettes 

The strain gage selected for this application is Micro-Measure- 
ments Gage No. EA-06-250TG-350. This gage is a polyimide 
backed, general purpose, 2-element 90® tee rosette with a strain 
range of ^ 5%. 


Four strain gages shall be located on the ex- 
ternal surface of the test specimen at the lo- 
cations defined in Figure B4. The gages shall 
be bonded with M-Bond AE-10 adhesive ac- 
cording to the procedure outlined in the docu- 
ment of Paragraph 2. 6 

Extenso meters 

The linear d’ splacement transduce r s selected for measurement 
of the vessel '.ircumferential expansion were designed and 
fabricated by SCI, The major component is a Duncan Series 
220 Slideline Control with a single linear 1 K ohm resistive 
element. The control has a functional mechanical travel of 
2.5-inches, infinite resolution, and 3% tracking. 


Three extensometer s shall be located on the 
external surface of the vessel in the orientation s 
shown in FigureB4. The extensometers shall 
be calibrated according to the procedure outlined 
in Enclosure B3. 
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7.0 


7.1 


7 . 1.1 


7 . 1.2 


7 . 1.3 


7.2 


7 . 2.1 


7 . 2.2 


7 . 2.3 


7 . 2.4 


7 . 2 . 5 


TEST REQUIREMENTS AND PROCEDURES 


Test Setup 

"O" Rings and Backup rings shall be installed 
on each test plate, T-1400138, and the test 
plates secured to the vessel bosses. The 
test plates shall be coupled together with a 
tie-rod, T-1400264, pe r SK- 7 5-00 1 . 

A pretest leak check of all fittings and eq.iip- 
ment shall be performed on the pressurization 
system adjusted to a dead-end condition. The 
test specimen shall be isolated from the system 
during the leak test. 

The test specimen, filled with hydraulic fluid 
per MIL H-5606-C and bled of all entrapped 
air, shall be installed in a hydraulic test 
system as illustrated in Figure B5. 



Test Procedure 


Fluid pressure in the test specimen shall be 
increased to 500 psi at rate of approximately 
2000 psi/min. 

Pressure shall be maintained at 500 psi while 
strain data is observed and selected values re- 
corded on Data Sheet Number 3, 

Fluid pressure shall be increased to 1000 p.i 
at a rate of approximately 2000 psi/min. 


Pressure shall be maintained at 1000 psi while 
strain data is observed and selected values re- 
corded on Data Sheet Number 3. 

Fluid pressure shall be increased at a rate of 
2000 psi/min to a value (approximately 1800 
psi) determined by the Cognizant Project En- 
gineer per Paragraph 7. 3.4 
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7. 2. 6 


7.2.7 


7.2.8 


7.2.9 


7. 2. 10 


7. 2. 11 


7. 3 


7. 3. 1 


7. 3.2 


Pressure shall be maintained at the value of 
Paragraph 7. 2,5 while pressure and selected 
strain data are recorded on Data Sheet Number 

3. 

Fluid pressure shall be increased at a rate of 
1000 psi/min to a 2nd value (approximately 
2000 psi) determined by the Cognizant Project 
Engineer per Paragraph 7.3,4. 

Pressure shall be maintained at the value of 
Paragrapn 7.2.7 while pressure and selected 
strain data are recorded on Data Sheet Number 

3. 

Fluid pressure shall be increased at a rate of 
1000 psi/min to the sizing pressure as deter- 
mined by the Cognizant Project Engineer (see 
Paragraph 7. 3), and subsequently reduced to 
zero at a rate of approximately 2000 psi/min. 

The value for sizing pressure and any additional 
observations shall be recordtjd on Data Sheet 
Number 3. 

Data Sheet Number 3 and all additional raw data 
shall be maintained on file in the Quality Con- 
trol Department. 

Instantaneous Data Plots 


All instantaneous data plots constructed during 
the sizing test shall be the sole responsibility 
of the Cognizant Engineer or his delegate. 

The two data points of Paragraphs 7. 2. 2 and 
7. 2. 4 shall be recorded on Figure B3 and sub- 
sequently connected by a straight line extend- 
ing above 2000 psi (approximate). This line 
defines the tensile biaxial elastic modulus of 
the test specimen and indicates the probable 
compressive biaxial elastic modulus. 
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7.3,3 



7. 3.4 


7.3.6 


The location of the tensile elastic curve, rel- 
ative to preplotted curves, shall be 

noted and used to define the probable location 
of the compressive elastic curve in the com- 
pressive (depressurization) envelope* A 
straight line shall be drawn on Figure B3, at 
the selected location within the depressuri- 
zation envelope, having the same slope as 
the tensile elastic curve. The curve shall 
extend from zero pressure to approximately 
3000 psi. 

Establishment of the pressure hold points of 
Paragraphs 7. 2. 5 and 7„ 2, 7 sha .l be based 
on strain data indications that ( 1 ) the test 
specimen has experienced metal yielding (de- 
finite change in slope of pressure/ strain 
curve), but (2) has not approached the pro- 
bable sizing strain limit point. 

The two data points of Paragraphs 7. 2. 6 and 
7. 2. 8 shall be recorded on Figure 3 and sub- 
sequently connected by a straight line ex- 
tending between the constructed tensile and 
compressive elastic curves. This line defines 
a linear approximation of the biaxial ’’plastic" 
modulus of the test specimen. The inter- 
section of this biaxial "plastic" modulus curve 
with the compressive elastic curve defines 
the sizing pressure. This value is required 
as input for the operation defined in Para- 
graph 7. 2. 9. 

FigureB3 curve plots for each specific test 
specimen shall remain \*Tth the corresponding 
data package on file in the Quality Control 
Department. 
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TABLE EL PROBABLE VARIATION IN GEOMETRIC AND MATERIAL PROPERTIES 
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TABLE BII EXPECTED TEST VALUES FOR SENSOR CALIBRATION 


Test Parameter 

As Fabricated 

Outside Diameter, in 

3 

Internal Volume, in 


Expected Valu e 


38. 11 
26, 800 


At Sizing Pressure 

Pressure, psi 

. 3 

Volumetric Expansion, in 
Circumferential Expansion, in 
Strain, % 


2714 
715 
lo 05 
0 . 88 


After Sizing (zero pressure) 

Outside Diameter, in 

3 

Internal Volume, in 


38. 23 
27, 100 




SO+- 



riGURE K- METAL SHELL STRESS/ STRAIN ENVEWMTC 
(PRD FILAMENT MODULUS = 20. 0 x 10* 
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Pressure Transducer 





FIGURE B4: Instrumentation Location 






HYDRAULIC TEST SYSTEM 



ENCLOSURE B1 


TEST SPECIMEN DATA SHEETS 


DATA SHEET NUMBER I 


SCI Specification 74-45 
Date: 


PART NUMBER 1269381 
TEST SPECIMEN NUMBER: 


LINER GEOMETRIC DATA, 

Paragraph 5. 1. 1 


Parameter 

Expected 

Actual 

Internal Volume (V ) 

26, 850 in 

. 3 

in 

J— j 

Weight (W ) 

80.2 lb 

lb 

Inside Diameter (D ) 

iD 

Thickness (t^ ) 

37. 1 5 in 

in 

0, 1 73 in 

in 

Xj 

Outside Diameter (D _ ) 

oL 

37. 50 in 

in 
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SCI Specification 74-45 
Date: 


DATA SHEET NUMBER 2 
PART NUMBER 1269382 
TEST SPECIMEN NUMBER: 


VESSEL GEOMETRIC DATA, Parag 

raph 5c 1 . 2 



Parameter 

Expected 

Actual 


Internal Volume (V 
Vessel Weight (W ) 

26, 830 in^ 


in 

148.4 lb _ 


lb 

Composite Weight (W_) 

68. 2 lb _ 


lb 

Fiber Weight (W^) 
Inside Diameter (D.) 

49.1 Id __ 


lb 

37. 14 in 


in 

1 

Composite Thickness (t ) 

0, 310 in 


in 

c 

Outside Diameter (D ) 

38.11 in 


in 

o 

Weight Fraction Resin (P ) 

0.28 



wr 

Volume Fraction Filaments (P J 

VI 

0. 65 
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SCI Specification 74-45 
Date: 

DATA SHEET NUMBER 3 
PART NUMBER 1269382 
TEST SPECIMEN NUMBER: 


VESSEL SIZING DATA, 

Paragraph 7, 2 


Parameter 

Expected 

Actual 

Test Media 

Inhibited Water 

— 

Pressure Rise Rate 

2000 psi/min 

psi/ min 

Hold Pre ssure 

500 psi 

psi 

Strain (SG-1) 

0, 0010 in/ in 

in/in 

Strain (SG-4) 

0, 0010 in/ in 

in /in 

Pressure Rise Rate 

2000 psi/min 

psi/min 

Hold Pressure 

1000 psi 

psi 

Strain (SG-1) 

0, 0020 in/ in 

in/in 

Strain (SG-4) 

0, 0020 in/ in 

in/in 

Pressure Rise Rate 

2000 psi/min 

psi/ min 

Hold Pressure 

1800 psi 

psi 

Strain (SG-1) 

0. 0945 in/ in 

in/in 

Strain (SG-4) 

0. 0045 in/in 

in/i^ 

Pressure Rise Rate 

1000 psi/ min 

psi/min 

Hold Pressure 

2000 psi 

psi 

Strain (SG-1) 

0.0055 in/ in 

in/in 

Strain (SG-4) 

0.0055 in/in 

in/in 

Pressure Rise Rate 

1 000 psi / min 

psi/min 

Sizing Pressure 

2714 psi 

psi 
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SCI Specification 74-45 
Date: 


DATA SHEET NUMBER 3 (cont) 
PART NUMBER 1269382 
TEST SPECIMEN NUMBER: 


Test Observations 


Tested By Date 

Witness Date 
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ENCLOSURE B2 


EQUATIONS FOR 

CALCULATION OF TEST SPECIMEN 
GEOMETRIC DATA 


Average Liner Inside Diameter 


Given 

Internal Volume 

D.. = (6V / 

iL 

Average Liner Thickness (t^^) 


Given 


Liner Weight 


Density Aluminum ( p, ) 


Boss Weight (W^) 

'^S = "l - 

Assume: = 0. 173 

‘l = V"°L»L 


Average Liner Outside Diameter 


”oL = °iL + "*L 


Composite Weight (W ) 


Given 


Vessel Weight (W ) 


" *T '"l 


Value or Source 
Para 2. 5 

o 

Value or Source 
Para 2. 5 

3 

0. 102 Ib/in 
3.0 lb 

n 

Check 

J© 

0 

Value or Source 
Para 2. 5 

© 
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Value or Source 


Vessel Inside Diameter (DJ 


Given 

Vessel Internal Volume (V^) 

— 1/3 

D. = (6V /n) 

1 T 

Resin Weight. Fraction 


Given 

Fiber Weight (W^) 



- W,)/ W 
f c 


Para 2. 5 



Value or Source 
Para 2* 5 



Fiber Volume Fraction (^y£^ 


Given 


Value or Source 


Fiber S,G. (P^) 

Resin S.G. (p ) 
r 

Void Content ( P ) 
. vv 


> = P (1-P ) / 

vf r wr 


[r 


(1 - 


1.51 
1.10 
~ 0 


p ) - p )* 

wr I r _ 


© 


Average Composite Thickness (t^) 


Given 




Total Single Strand Turns (T N ,N ) 
^ /Si 


Boss Diameter 

Fiber Cross Sectional Area (A^) 


Value or Source 
Para 2, 5 

6. 25 in 

-4 . 2 

5* 38 X 1 0 in 
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Assume: 



D = D. + t + 2t^ 

c 1 c L 



Ntt - 

I N N_/ P (D 
/ s T vt 


2 

c 



Average Vessel Outside Dianetjr (P^) 


D = D. + 2t ^ + 2t 

o 1 L c 


© 
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SCI Specification 74-45 
5 April 1974 

STRUCTURAL COMPOSITES INDUSTRIES INC. 

6344 north mwiNOALE AVENUE AZUSA. CALIFORNIA 91702 (213) 334-8221 


ENCLOSURE B3 


EXTENSOMETER CALIBRATION PROCEDURE 



CALIBRATION PROCEDURE 


EXTENSO METER 

LINEAR DISPLACEMENT TRANSDUCER 


1. Set up the extensometer and data acquisition equipment in 
accordance with attached figure. 

2. Using gauge blocks or precision ground stock, preload an 
extensometer 0. 5 inches relative to full mechanical stop: 
Record preload displacement on the attached da.ta sheet. 

3. Zero recording equipment through use of attenuator and 
position controls. 

4. Use gauge blocks or precision ground stock to displace 
extensometer arm in small increments to expected 
circumferential expansion as noted in Test Procedure. Adjust 
gain and balance of recorder preamplifier for desired 
deflection on chart read out. 
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1.0 SCOPE 

1 1 This specification establishes the requirements lor the metal 

shell assembly (Z219 alloy) per SCI Drawim; 1Z69 381 for a Filament Reinforced 
(FR) Pressure Vessel for structural test evahiatioi’. . fabrication, inspection, 
and testing procedures related to fabrication are included in this specificatio n . 

2.0 applicable DOCUMENTS 


2. 1 Government Doc uments^ 

Unless otherwise specified, the following s tanda rds ,of the iss 
in effect on the date of invitation lor bids, shall form a part of this specification 
to the extcmt specified nerein: 

STANDARDS 

Mil itary 

MIL-STD-453 - Inspection, Radiogratphic 

F edera l 

Fed. Test Method Std. No. 151, Metals; Test Methods 
Z,Z Other Do cum ents 

Unless otherwise specified, the following documents, of the issue 
in effect on the date of invitation for bids, shall form a part of this specification to 
the extent specified herein: 

PUBLICATIONS 

Military Specification 

MIL-W-46132 Welding, Fusion, Electron Bear 


MIL-A>8930A-1 
MIL-I -6866B 


Welding, Fusion, Electron Beam 
Process For 

Aluminum Alloy 2219 Sneet 
and Plate 

Inspection, P e n c t r a n t , M e th o d 
of 


STftUCTUHAL COMPOtiTCS INDOSTB4C5 INC 
tnWINOALE AVC 
A/05A. cac*eo«n»a 
PO BOX *04 


ENGINEERING PROCESS SPECIFICATION 


NUMBER 

SCI Spec. 73-17 




r'eV 

1 DATE 
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Ae rosp ace Materials Spe :ifications 

AMb 4031 Ahitrunun. Allov Z219-0, 

Sliec‘t and PI cite 

AMS 41 01 A Rod arid W re, Wedding, 

A lumi n u v. A ] i - \ i 3 P-* 

Z.3 Str uctura l Composites Industries' Documents 

Unless otherwise specified, the following drawings -jf the issue in 
ei.ect on the date of invit^ition for bids, forms a part of this s peci i ication to the 
extent specified herein: 

DRAWINGS 

1269381 2219-T62 Alumin im Sphere 

1269382 Kevlar FR Aluminum Pressure 

Ves sel 

2.4 Boeing Company Documents 

Unless otherwise specified, the following specifications, of the 
issue in effect on the date of invitation for bids, shall form a part of this specifica- 
tion to the extent specified herein: 

specifications 

BAC 5602 Heat Treatment of Aluminum 

Alloy'S 

BAC 5765 Cleaning and Deoxidizing 

Aluminum Alloys 

BAC 5915 Radiographic Inspection 

BAC 5935 Fusion Welding of Aluminum 

Z. 5 This specification establishes the specific requiremenis lor all 

work to be performed during 2219-T62 Aluminum Sphere assembly mamAa c tu r i ng . 
Where instances occur of differences in requirements betw^een this s ,iec i fi cati on 
and the applicable documents listed herein, this sp eci ii cation will be considered 
the guiding authority, superceding such requirements of the listed sources. 

3.0 FABRICATION PLAN SUMMARY 


FigureC Idepicts the fabrication plan for the 2219-T62 Aluminum Alloy 
Sphere Assehably. Specific requirements are delineated in Sections 4.0, 5.0, and 
6 . 0 . 
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4.0 


REQUIREMENTS 


4. 1 Mat e rial s 

Tab 1 i c a t i t),! Oj tlu* rcetal sh(^ll assei'nbl\ sii all be Gioxa'rn ‘d bv the 
following requirements: 

4.1.1 Com po n e n t Pa r t s 

C'.impoM ee T s the’ assembK' consist of two hemispheres 

with integral boss configuration , inii.ally machined', then deep drawn from alumi- 
num alloy 2219, condition O, plate stock conforming Lo Specification AMS 4031. 
This material shall be furnished by the government, and upon receipt shall be 
visually, and dimensionally inspected for compliance with AMS 4031. All sur- 
face defects which will be eliminated by subsequent processing shall be noted 
as such ana sliall not be^ cause for rejection. Formed hemispheres shall be 
final machined prior to welding into a serialized part number. Care shall be 
excercised to insure that the serial n.imbcr shall not become^ d sassociated 
from the part at any stage of shell assembly. Written records identifying these 
serial numbers with the shell assembly shall be maintained and delivered to SCI 
with the shell assembly and test coupons, 

4.1.2 Components, Heat Treatment 

4. 1.2. 1 Payr tiaj j^nneali ng He ads 

reniove cold wairk incident to forming head 
assemblies shall be charged into an oven preheated to 650‘^F,held at tempe'rature 
for sixty minutes and air cooled in accordance with Boeing Specification BAC 5602. 

4. 1 , 3 Test Coupons 

4. 1.3. i Parent Meta 1 


TcMisile l('si Coupon blanks shal] be cut loig'tud- 
inal to the direction of rolling from eacn heat of the Mill stock from which h.ead 
sectio.is aro made. Specimen conligu ration s and disposition shall be as follows; 
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Number of 
Specimens 


Configuration 


Di spos i tion 


Identification 


Four initial Fed. Test Method Deliver to SCI Serialize by metal stamping tuie 

samples from Std.No.151, time of ini- end of specimen. 


plate stock. 


Method 211.1, 
F2 Specimen 


at time of ini- end of specinum. 
tial fabric<ition 
wo rk . 


Four witness 
samples for 
each sphere 
as sembly . 


(As above) 


Heat treat with 
respective* 
sphere assem- 
blv, deliver to 
SCI. 


4. 1.3. 2 Weld Metal 


Serialize with respect to each 
metal shell assembly by metal 
stamping on one end of specimen 
maintain records relating serial 
numbers to each assembly. 


Weld tensile test coupons shall be obtained dar- 
ing the weld schedule development effort detailed under 4.5.2j with disposition as 
follows: 


Number of 
Specimens 

Four initial 
specimens 
from EB 
welding of 
simulated 
joint from 
flat stock. 


Con f iguration D isposit ion Identif ication 


Fed. Test Method Deliver to SCI 
Std, No. 151, for verification 

Method 211,1, testing early in 

F2 Specimen weld develop- 
ment effort. 


Serialized by metal stamping 
one end of specimen. 


Four specimens Per Figure 
from full scale 
girth weld simu- 
lation joint. 

Four witness 
samples for eacn 
sphere assembly. 


Deliver to SCI Serialized by metal stamping 
for verification one end of specimen, 
testing as soon 
as completed. 


Heat treat with Serialize with respect to each 
respective metal shell asseml>ly b metal 

sphere assembly, stamping on one eod of spv^cimen; 
deliver to SCI. maintain records relating serial 
numbers to each assembly. 


4. i . 3. 3 Test-Coupons Disposition 

When shell assemblies are ready for the final 
heat-treatment operation per 4.7, the four each parent metal and weld witness 
couDons of paragraphs 4. 1. 3. 1 and 4. 1. 3.2 shall accompany each shell assembU 
through the entire heat-treating operation. 
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4, 1.3.4 Po6t> Heat-Treat Dispos ition of^Test 
Co up ons 

Upon completion of the heat- treatment operation, 
the test coupons shall remain with the shell assembly they represent and accompany 
it on its delivery to Structural Composites Industries, When tensile specimens are 
mach'.ned from the coupons and tested in accordance with Fed. Test Method Std. 

No. 151, the results of the tests for both parent metal and weld specimens shall 
comply with the following values: 


Ultimate Tensile S*:rength , psi 
Yield Strength (0.2% offset), psi 
Elongation in 2-inch, % 


Pa rer\t 
Metal 


54, 000 min 
36 , 000 min 
7 min 


Weld 

(94% Efficiency) 


51.000 min 

34.000 min 
6 min 


4.2 


Handlii^ 


All handling of the shell assembly or its components in the uncrated 
condition shall be performed using maximum care because of the susceptibility of 
the material to damage daring ail stages of fabrication. Components shall be kept 
in suitable protective containers except when they are being worked. 

4- 3 Fo rming and Machining 

4 - 1 * ... forming process development, dimensions shall be recorded 

for blank smarting parameters (such as thickness profiles) and formed shell para- 
meters. These data shall be used as a control of starting blank dimensions used fo^ 
deliverable hardware. Prior to forming blanks to make deliverable half-shells 
dimensions of blanks shall be submitted to SCI for comparison with forming develop- 
ment program data, ^chining of the shell-assembly components shall conform to the 
l" f, I referenced in 2.3. After final machinine, ToW^, 

cleaning shall be employed to insure complete freedom from machining residue 

shavings and cuttings. Cutting tools shall be maintained at proper snarpness to' 
prevent burnishing of the metal surface. narpness to 

4. 4 A sse mbly Procedures 

The shell shall be assembled in accordance with SCI Drawing 1269381. 
4. 5 Welding Requirements 

4. 5. 1 Welding Method 


per MIL-W-46132- 


Welding of girth welds shall be electron beam fusion welding 
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4. 5.2 Weld Schedule Development and Qualification 


Welders, welding equipment, and proced ires shall be 
demonstrated to be satisfactory by means of test coupons frt)ni weld blanks similar 
to the configurations of the joint to be welded. SCI acceptance of representative 
girth weld schedules developed by the w(*ld source shall constitute accc^ptance of 
electron beam w'clding operatt:>rs qu ili fication and ce rti ticatiOii . 


In addition to welding siimilated joints from flat stock, for 
girth weld schedule development two hemispheres with ai^ eccess prolongation of 


material at the diameter of the girth weld sliall be prepared for welding as a typ- 


ical metal shedl girth weld and wedded per t’ne established schedule for the specific 
configuration. The specific electron beam welding parameters of established 


weld schedule and tolerances shall be documented in writing and submitted to SCI 
Quality Control. SCI project engineering shall witness the girth weld demonstra- 
tion(supplier to provide notification to SCI) and the weld shall be inspected per 
5. 3. 1 and accepted by SCI Quality Control. Following inspection and acceotance, 
the weld shall be removed as a ring, salvaging the respective hemisphere shells 
for remachining to the applicable drawing and use as deliverable components of 
an assembly. 


The removed ring shall be used to prepare transverse weld 
coupons required under 4. 1. 3.2; four specimens will be heat treated and tested as 
specified in 4. 1.3.2 and 4. 1.3. 4 to verify compliance with requirements. 


Acceptance by SCI of the welding schedule development and 
qualification task of 4. 5.2 shall be in writing and shall be considered appropriate 
evidence of operator certification and equipment qualification for performing the 
related work of this specification. 


4. 5. 3 Weld Schedule Approval 


The weld schedule development task of 4. 5. 2 shall be corn" 
pleted and accepted by SCI Quality Control in writing prior to any welding on deli- 
verable parts. All welding on deliverable hardware shall be in accordance with the 
documented established weld schedule of 4. 5.2. 


4.5.4 Cleaning 


46132. 


Cleaning shall be in accordance with BAC 5765 and MIL-W- 
The use of dust or sand blasting is prohibited. 


4. 5, 5 Weld Beads 


Weld bead thickness shall be uniform and shall not exceed 
the height indicated on SCI Drawing 1269381. Severe sharpness in the weld con- 
tour, such as may contribute to a ’’notch*’ effect, shall be removed insofar as is 
possible, provided there is no filing into the parent metal. Other weld surface 
discontinuities shall be dressed as required to provide smooth blending with 
the adjacent parent metal surfaces. 
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4.5.6 Mismatch 


SCI Drawing 1Z69 381 


Mismatch in the weld joints shall nol exceed that shown on 


Weld Repairs 


requirements . 


Weld repairs shall be performed in accordance with the following 


4.6.1 Permitted Repair 

Repair of an electron beam weld may be performed where 
practicable, using the same weld schedule originally developed for the respective 
weld. This repair procedure involves no removal and replacement of weld mater- 
ial, only a subsequent fusion of material in place. 

4.6.2 Repair to be Authorized by SCI 

Weld corrective effort considered inapracti cable to be per- 
formed under 4.6. 1 above, or unsuccessful after attempt per 4.6. 1 above, may be 
repaired, subject to approval by SCI in writing of the specific repair procedure, 
after consideration of the nature and location of the defect and the specific proce- 
dure proposed to correct the defect. 

4.6. 3 Repair of Weld Defects-Procedure 

The following repair procedure shall be performed. 

4, 6. 3. 1 D efect Location 

Locate defect areas from the radiographic film 


or dye -pene trant inspection. 


4. 6. 3. 2 Defect Rem oval Proc edure 

If there is no surface indication of the defect, 
remove the weld bead in progressive stages of 1/32 inch in Dye penetrant 

inspect the weld after each stage of metal removal. Proceed in this manner until 
the defect itself has been located and removed. 

4. 6 . 3 . 3 Cle^an ing 

Prior to repair welding, the groove and areas 
around and on both sides of the groove shall be cleaned by flushing with clean 
unco.itaminated isopropyl alcohc-; any substitute shall be subject to a^proyal be 
SCI. This operation shall be followed by thorough brushing with a clean austenitic 
stainless steel wire brush. Do not wipe the cleaned area with cloth or similar 
material. 
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4.6. 3. 4 Repair W eldin g 

Weld per Boeing Specification BAG 5933 by 
manual tungsten inert gas welding process using Type 2319 weld filler rod. 

4. 6. 3. 4. I Filler Wire 

I ' required, filler wire shrill be 

Aluminum Alloy 2319 in accordance with Specification AMS 4191A, 

4. 6. 3. 4. 2 Inert Gas 

All TIG wielding operations shall be 
performed with inert gas backup. Inert gas used shall be argon. 

4. 6. 3. 4. 3 Inert Gas Purge for TIG Welding 

Prior to TIG welding the root side 
of the weld shall be purged for a minimun^ period of three (3) minutes to insure 
the exclusion of ambient air. During welding the gas flow rate shall be maintained 
at 3 to 5 cubic feet per hour. If the gas flow is interupted during welding, the 
welding operation shall be discontinued. The root side of the weld shall be repurged 
prior to resuming the welding operation. 

4.6. 3. 5 Re cords 

Records shall be maintained by the supplier and 
included in the log for each metal shell assembly. Such records shall indicate 
location, nature, repair conducted, number of repairs conducted, and inspection 
results . 

4.6.4 Repair of Welds on Age-Hardened Material 

Weld repairs shall not be permitted on articles which have 
undergone solution heat treatment and/ or aging. 

4. 7 Heat Treatment Oper ation s 

The welded shell assembly shall be soluti on'ieat treated and aged in 
accordance with Boeing Specification BAG 5602 and the following procedv;re. 

4. 7. i Solution Heat Treatment 

Charge the shell assembly into a furnace or salt bath 
previoasly heated to 995* F and soak the shell assembly at a temperature of 985 - 
1005° F for a period of four (4) hours. Quench in water as required by Boeing 
Specification BAG 5602. 
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4.7.2 Precipitation Treatment 

Hold shell assembly at ^oom temperature for 96 hours to 

obtain condition - T42. 

4.7.3 Additional Precipitation (Aging) Treatment 

Charge the shell assembly into a furnace previously heated 
to 375® F and soak the shell assembly at a temperature of 365 - 385® F for a period of 
36 hours to obtain condition - T62, 

4,8 Identi fication of Component Parts and Shell Assembly 


The shell assembly shall be assigned serial numbers SI, S2, S3, 
etc. , which shall be marked by vibratory pencil on the external side of the boss 
neck as indicated on the SCI Drawings. The serial number shall relate to the 
supplier’s fabrication, heat treatment, and inspection records which shall be 
incorporated into a log book accompanying each assembly upon delivery to SCI. 

Non-permanent marking on the parts and assemblies, such aa 
part munber, serial number, weld identification, and in-process serialization 
shall be *.iade on suitable areas using felt marking pen, waterproof type, or 
equivalent. 

The shell assembly, including all component parts, shall be 
fabricated, heat-treated, finished, and tested in a thoroughly workmanlike manner. 
Particular attention shall be given to neatness and thoroughness in the forming and 
welding of the component parts. 

5. 0 QUALITY ASSURANCE PROVISIONS 

5. 1 Supplier’s Responsi bility 

The supplier shall be responsible for the fabrication, heat treat- 
ment, and inspection of the shell assembly in accordance with all of the require- 
ments, reference documents, and procedures of this specification. No deviation 
from fabrication, heat treatment, inspection and testing requirements, and 
procedures of this specification shall be allowed except in the form of an amendment 
to this specification or to the purchase order. Test data, letters of conformance, and 
other pertinent information affecting shell fabrication shall be forwarded without 
delay to the cognizant Structural Composites project engineer and Structural Com- 
posites inspection department. 

5.1.1 Acceptance Criteria 

Acceptance of the shell assembly shall be based upon com- 
pliance with the requirements herein as verified by a series of in-process acceptance 
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tests (see 5.3) and final inspection (see 5,4) of the finished product. Detailed 
inspection records shall be maintained to insure that all requirements of this 
specification have been met. 

5.1.2 Cognizaiit SCI Personnel 

As required, Structural Composites Industries, Inc., 
personnel, such as the project engineer, welding engineer, metallurgical engineer, 
stress engineer, inspector, etc. , shall be permitted to observe those phases of 
work at their discretion. 


5.2 


Dimensional Inspection 


Maintaining dimensional and other requirements of the components 
and assemblies, as required by SCI Drawing 1269381 is of prime importance and 
will be thoroughly inspected by SCI Quality Control upon receipt of the units. Dimen- 
sional inspections shall be oo ndacted daring fabrication of the components and 
assemblies to insure meeting the SCI Drawing requirements, and submitted with 
each shell assembly in its log book. The supplier shall submit to SCI Quality 
Control his in-process and final assembly dimensional inspection plan and standard 
forms for recording lliese data for approval before initiating metal shell assembly 
operations. 


5.3 


In-Process iicceptancc 


All requirements of this specification shall be assured through 
inspection. Inspection tests shall be performed in accordance with the require- 
ments specified herein. 

5,3.1 Inspection During Assembly 
5 , 3 . 1 . i Weld Inspection 

All joints shall be visually inspected for com- 
pliance with the requirements of 4. 5 and the applicable drawings, and shall be 
inspected in accordance with the following: 

5. 3. 1 . 1 . 1 Dye -Penetrant Inspection 

Dye -penetrant inspection in accordance 

with MIL-I-6866, Type II, Method A shall be performed on all welds. After inspec- 
tion, welds shall be cleaned thoroughly, and the welded surface and adjacent area 
brushed with a stainless steel wire brush. The welds and heat-affected zones shall 
be free of external cracks or propagating defects. 
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5.3.1.1.Z Radiographic Inspection 



Radiographic inspection shall be 

performed on all welds in accordance with Boeing Specification BAG 5^15. Radio- 
graphs shall be subject to final interpretation and acceptance by designated SCI 
quality cortrol and project representatives. Radiographic film shall be numbered 
to coincide with the identification markings of the shell assembly. Felt-tip-ink 
pen shall be used for marking weld identifications on parts so that the exact location ; 

of weld areas with corresponding radiographs may be easily identified. All radio- 
graphic film shall become the property of SCI.A11 welds shall meet the requirements 
of Boeing Specification 5935, Class A, Tables XI and XII, with the following addition- 
al acceptance criteria: 

a. Porosity smaller than .005 inches diameter shall be 

considered fine porosity and not be considered a 
defect. 

Aligned fine porosity shall be subject for acceptance 
per Note 8 Table XI and/ or Table XII of BAG 5935 
and shall not b« cons idered as aligned defects under 
Note 7 of Table XI. 

c Aligned def ects (4 or more) shall not be accepted when the 

spacing between each of the four or more defects in line 
is less than three times the longest distance of the 
smallest defect. 

5. 3. Z Inspection of Shell Assembly Prior to Heat 
Treatment 

The shell assembly shall be free of oil, grease, paper, or 
any type of carbonaceous material prior to heat treatment. 

5.3.3 Inspection of Shell Assembly After Heat 
Treatment 

5. 3. 3.1 Test C oupons 

After heat treatment of the shell assembly, the 
test coupons may be tested by Structural Composites Industries, Inc. , to v^erify 
compliance v/ith 4. 1.3,4. 

5. 3. 3. 1 . 1 Basis for Rejection 

Failure to meet the tensile-test 
requirements of 4. 1.3.4 shall be the basis for rejection. 
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5, 4 Fi nal Inspect ion 

The completed shell assembly shall be subjected to surface in- 
spection, with visual examination for imperfections and finish. Fissures or other 
defects that are likely to weaken strength or reduce ductility of the pressure ves- 
sel are not permitted and shall be cause for rejection. The parent metal macro- 
structure shall exhibit uniform grain flow and uniformly fine-grain size as revealed 
by lightly macroetching locations on the finished vessel subjected to the most severe 
deformation and temperature during fabrication. The surface shall be such that the 
removal of scratches or other surface imperfections shall not reduce the thickness 
of the metal below the minimum specified on the drawing. A reasonably smooth 
and uniform surface finish is required. Inspection of workmans.nip shall conform 
to 4.9. Measurements of dimensions (with attention to SCI drawing tolerances) 
shall be included in this inspection. 

6,0 PREPARATION FOR DELIVERY 

6, 1 P acking 

The shell assembly shall be crated and firmly supported to avoid 
damage during shipping. 

6.2 Log Book 

A log book shall be asseirfyled incorporating all in-process fabri- 
cation and inspection data required by this specification, as well as other perti- 
nent information as may be required or desirable to fully document each deliverable 

part. 


NOTES 


Intended Use 


This metal-shell assembly will be used for filament-reinforced- 
metallic tankage for storage of pressurized fluids. 
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APPENDIX D 


KEVLAJR*FR 2219 ALUMINUM PRESSURE VESSEL 
FABRICATION PROCESS SPECIFICATION 


♦ Kevlar-49 Roving was formerly designated as PRD-49-III Roving 



and Manufacturing Planne 
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PROCESS CONTROL RECORD 


FIGURE Dl; MATERIAL TRACEABILITY 


Part No. 1269382-1 Date Started 


Part Name F/W Pressure Vessel 

W.O. No. 

2003- 

Serial No. 

Shop Order 

No. 1269382-1 


Operation 

No. Description of Data Required I nspecto r 

0103 Record traceability data of the following: 

Mfg. Lot No . Accept. Tag No. 

1. PRD Roving, 4-End, , 

Type m 

2. Epoxy Resin, DER 332 ________________ 

3. Hardener, Epicure 855 

0203-1 Record traceability data of aluminum liner assembly, P/N 1269381-1 
Accept Tag No. _S/N 
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PROCESS CONTROL RECORD 


FIGURE D2: DIMENSION/ VEIGHT RECORD 


Part No. 1269 382-1 ^Date Started 

Part Name F/W Press ur e Vessel W.O. No. 2003- 
Serial No. Machine Operator 


Operation No. 

Vessel Length = 
Diameters 

De = 

Dp = 
D45 = 

Vessel Weight = 

Internal Volume = 
(See Sheet 2) 



e 


0203-2 


0603-7 


Before Wrap 

inch 

After Cure 

inch 


inch 


inc h 


inch 


inch 


inch 


inch 


lbs 


LBS. 


3 

_in 


. 3 
xn 
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Sheet Z of 2 


PROCESS CONTROL RECORD (cont. ) 
FIGURE D2; DIMENSION/ WEIGHT RECORD 


Inte rnal Volume Calculations 


A. Dry Weight (w/Tare) 

B. Filled Weight (w/Tare) 

C. Subtract B-A=W 

D. Water Temperature 

E. Specific Gravity (SG)* 

F. Calculated Volume (V)** 


Before 


After 


Wrap 


Cure 



lbs . 


_lbs. 


lbs. 


lbs. 


lbs. 


lbs. 












3 

in 


3 

in 


* TABLE 'Of specific GRAVITY (SG) vs. TEMPEKaTUkj:. 


®c 

°F 

SG 

°C 


SG 

17 

62.6 

. 99880 

25 

77.0 

. 99707 

18 

64.4 

. 99862 

26 

78.8 

. 99681 

19 

66. 2 

. 99843 

27 

80.6 

. 99654 

20 

68. 0 

.99823 

28 

82.4 

. 99626 

21 

69. 8 

. 99802 

29 

84. 2 

. 99597 

22 

71. 6 

. 99780 

30 

86. 0 

. 99567 

23 

73. 4 

. 99756 

31 

87. 8 

. 99537 

24 

75. 2 

. 99732 

32 

89. 6 

. 99505 


**Calculated Volume 

27.68W 

V= 

SG 
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PROCESS CONTROL RECORD 


FIGURE D3: MATERIAL USAGE RECORD 


Part No. 1269382-1 Date Started 

Part Name F /W Pressure Vessel W.O. No. 2003- 

Serial No._ Shop Order No. 1269382-1 

Operation 

No, Description of Data Require d Inspector 

0203-6 Record PRD roving usage 



0403-14 Total Usage: 

Scrap 

Net Usage: 





NOTE: Record the static tension before adjustment to 4.0 lb/ roving is made 
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PROCESS CONTROL RECORD 


Part N o. 
Part Name 
Serial No. 


FIGURE D5: . WINDING PATTERN 

1269 382-1 Date Started 

F /W Pressure Vessel W .O. No. 2003- 

Shop Order No. 1269382-1 


Machine Operator 

Twelve Strand Pattern Except as Noted 


Step 

Degree 

Machine 

Payoff Arm 

TURNS 

No. 

Setting 

Setting 

Setting RPM Req'd. Actual 

1 

12. 0 

7663 

12.900 

8 74 

2 

15.5 

7660 

12.025 1 

1 73 

3 

22.0 

7642 

10.150 

70 

4 

28.5 

7631 

8.350 

66 


35.0 

7620 

6.600 

62 

6 

41.5 

7595 

5.225 

57 

7 

48. 0 

7560 

3.800 

51 

8 

54. 5 

7517 

2.500 

44 

9 

61. 0 

7455 

1 .350 

37 

10 

67. 5 

7337 

0.475 

29 

11 

74.0 

7150 

1.100 


21 

12 

13 

79.5 

79.5 

7085 

7085 

.775 ' 
.775 

5}C5}t 

19 

19 

14 

74.0 

7150 

1.100 , 


21 

15 

67. 5 

7337 

0.475 

29 

16 

61. 0 

7455 

1.350 

37 

17 

54. 5 

7517 

2. 500 

44 

18 

48. 0 

7560 

3.800 

51 

19 

41. 5 

7595 

5.225 

57 

20 

35. 0 

7620 

6. 600 

62 

21 

28. 5 

7631 

8. 350 

1 66 

22 

22. 0 

7642 

10.150 

i 70 

23 

15. 5 

7660 

12.025 

73 

24 

12. 0 

7663 

12.900 1 

f 74 

* 25 

11. '0 

7765 

14.000 

8 148 


♦Six - Strand Pattern 


Setting are with payoff head stock 
all the way up . 
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APPENDIX E 


TEST PROCEDURE 
KEVLAR FIBER REINFORCED 
METAL SPHERES 


SCI Specification 74-44 


February 1974 


Prepared for 

NASA LEWIS RESEARCH CENTER 
CLEVELAND, OHIO 


Prepared by 
R, E. Landes 


STRUCTURAL COMPOSITES INDUSTRIES, INC, 
6344 North Irwindale Avenue 
Azusa, California 91702 


^ Presentation of this procedure in S. L units would reduce the clarity 
of this Appendix. The procedure is presented in the original form as 
written by the author. 
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0 


SCOPE 


1 The purpose of this test procedure is to present the detailed 
test methods, conditions, and equipment to be used for demon 
stratxng the performance of sphericai''PRD Fiber-Reinforced 
(PRD FR) metal pressure vessels. 

2 In the event of conflict between this procedure and any other 
procedure or document, tnis procedure shall govern. 


Kevlar-49 Roving was formerly designated PRD-49-III Roving 



2 .. 0 R EFERENCE DOCUMENTS 

NOTE: Latest changes apply to all documents. 

2. ] Structural Composites Industries Documents as follows: 

2.1.1 Drawing Number IZ6938Z-1, titled: Pressure Vessel 

PRD-FR ZZ19 Alurriinum Sphere 

2.1. Z Drawing Nurr: be r 1Z69381-1, titled: Liner Assembly ZZ19- 

T6Z Aluminum Sphere 

2.1.3 Drawing Number T-J400138, titled: Test Plate 

2. 1.4 Sizing Test Procedure, SCI Specification 74-45 

2.1.5 Drawing Number T-1400264, titled: Tie-Rod 

2.1.6 Drawing SK-75-001, titled: Tie -Rod Assembly 

2.2 ARDE Incorporated Documents as follows: 

2. 2. 1 Drawing Number D3898 , titled: Pressure Vessel PRD 

FR 301 Stainless Steel Sphere 

2.2.2 Drawing Number D3895 , titled: Arde form 301 Stainless 
Steel Liner 

2.3 Military Specification Number MIL- T-25363C, titled: Tank, 

Pneumatic Pressure, Aircraft, Glass Fiber. 

2.4 NASA Technical Memorandum TMX-52454, titled: Hydrogen 

Safety Manual (issued by Lewis Research Center, Cleveland 
Ohio). 
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3.0 


DESCRIPTION OF TEST SPECIMENS 


3.1 The test specimens are six (6) pressure vessels each of two 
(2) different designs as follows; 

3.1.1 Specimen Serial Numbers S-1 through S-6 are 33.0-inch- 
diameter PRD FR Aluminum Spheres fabricated as SCI 
Part Number 1269332-1 and pressure sized according to 
SCI Specification 74-45. 

3.1.2 Specimen Serial Numbers 001 through 0O6 are 25 . 0-inch- 
diameter PRD FR Stainless Steel Spheres fabricated as 
ARDE Part Number D3898 and cryogenically pressure 
sized according to ARDE Specifications. 

3.2 Each test specimen will be supplied with four (4) strain gage 
rosettes bonded to the external surface of the vessel. 
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4 . 0 SEQUENCE OF TESTING 

4 ^ \ The test specimens shall be subjected to Performance 

Demonstration Tests in accordance with Table El of this 
test procedure after Sizing Tests have been performed. 

4 ^ 2 The test requirements for each test, and the test pro- 

cedures to be used, are presented in Paragraph 7. 0 of 
this test procedure. 

4 3 The Sizing Test Procedures are defined in the documents 

of Paragraphs 2. 1.4 for the S series vessels and by 
ARDE Specifications for the OOx series vessels 
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■■■■ 


5.0 
5. 1 
5. 1. 1 


5. 2 
5. 2. 1 


TEST CONDITIONS AND EQUIPMENT 
Ambient Conditions 

Unless otherwise specified her in, all tests required by 
this procedure shall be performed with the test specimens 
at standard laboratory conditons; defined as a temperature 
between 60*^ and 80®F, a relative humidity of less than 85 /o , 
and a barometric pressure between 27.9 and 31.9 inches of 
Mecury absolute. 

Primary Instrumentation 

The primary test instrumentation, as a minimum, shall con- 
sist of sensors, transducers, signal conditioning equipment, 
and recording equipment for recording the following spec- 
imen test parameters within the indicated tolerance range : 


Pressure 


+ 0. 5% of indication 


Strain/ Displacement 


+ 0. 5% of indication 


5. 2. 2. 

5. 2. 3 
5. 3 
5. 3. 1 


5. 3. 2 


5. 3. 3 


Quantity and location of sensors shall be as defined in Figure 
El. 

Deleted 

Equipment Log and Calibration 

A test equipment log shall be maintained during the test pro- 
gram described in this test procedure. The test equipment 
log shall state equipment description, manufacturer, range, 
accuracy, and calibration date (where applicable). 

All test equipment used shall conform to applicable standards 
with regard to appropriateness, accuracy, and calibration 
inte rval. 

Each item of test equipment shall be checked prior to use to 
insure that the instrument has been calibrated (if applicable) 
according to its specified schedule and that the instrument is 
functioning within the accuracy range required. 
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5.3.4 


5.3.5 


5.3. 6 
5.3.7 


ALL pressure transducers shall be laboratory calibratea at 
90 day intervals or sooner as required. The instrumentation 
systems shall be calibrated by closed loop pressurization 
to the values of Table Eli prior to each test. 

AU extensometers shall be calibrated in place on the vessel 
prior to test using the expected deflection ranges of Table 
Eli. 

All strain gage rosettes shall be individually shunt calibrated 
over the strain ranges of Table Eli prior to each test. 

All calibration information shall be maintained on file in the 
Quality Control Department and shall be available for in- 
spection by cognizant SCI and NASA personnel. 
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■ -wi < ! mm -"a 


I 


6 . 0 
6 . 1 
6 . 1 . 1 


6. Z 

6 , 2 . 1 


6 . 3 

6 . 3.1 

6 . 3.2 

6.3.3 

6.3.3. 1 
6. 3. 3. 2 

6. 3. 3. 3 


TEST ADMINISTRATION AND DATA 


Program Management 

The overall conduct of the test program shall be coordinated 
between the cognizant project engineer and the test engineer. 
All questions, problems and other matters of a technical 
nature shall be directed to the cognizant project engineer 
or his representative. 

Test Witnessing 

Testing shall be witnessed by the cognizant project engineer 
who shall be present to perform any required operational 
checks during the test program. The cognizant project 
engineer may elect to waive witnessing requirements, but in 
any event, he shall be notified prior to the beginning of any 
test. 

Test Data 


During the test program, complete data sheets shall be main- 
tained documenting the test progress to that point. 

Deleted. 

Raw data acquisition shall consist of permanent records of 
pressure versus time and extensometer/ strain gage output 
versus time for all sensors of Paragraph 5. 2. 2. 

For burst tests, data shall be recorded continuously as the 
vessel is pressurized to failure. 

For cyclic fatigue tests, data shall be recorded for the first, 
10th, 50th, 100th, 500th, and each additional 500th pressure 
cycle concluding with a record of the final pressure cycle. 

For sustained load tests, data shall be recorded for the initial 
pressurization cycle, the final depressurization cycle, and 
(as a minimum) at time intervals of 12 + 2 hours. Any ob- 
served pressure decay shall be recorded prior to a system 
adjustment. 
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Data reduction shall consist of reducing the raw data of Para- 
graph 6. 3.3 to plots of pressure versus strain for all sensors 
of Paragraph 5. Z. Z for each specific test. 


/ 


7. 0 TEST REQUIREMENTS AND PROCEDURES 


7.1 


7.1.1 


7. 1.2 
7. 1.3 


7.1.4 


7.1.5 


7. 1. 6 


7. 1. 7 


7.1.8 


Hydraulic Burst Test 


Deleted. 


Ixistriime ntation shall be installed per Figure El 
and calibrated per Paragraph 5.3. 

”0^' Rings and Backup rings shall be installed 
on. each test plate, T-1403133, and the test 
plates secured to the vessel bosses. The test 
plates shall be coupled together with the tie-rod, 
T- 1400264, per SK-75-001. This operation shall 
apply to the test specimens of Paragraph 3. 1. 1 
only. 

A pretest leak check of all fittings and equip- 
ment shall be performed on the pressurization 
system adjusted to a dead-end condition. The 
test specimen shall be isolated from the system 
during the leak test. 

The test specimen, filled with inhibited water 
and bled of all entrapped air, shall be installed 
3 JX a hydraulic test system as illustrated in 
Figure E2. 

Fluid pressure in the test specimen shall be in- 
creased to the expected burst pre ssure (EBP) 
at pressurization rate defined on Data Sheet 

Number 1. 


The pressure shall be maintained at the iuBP 
'^alue for three (3) minutes suosequentj-v 

increased at a rate per Data Sheet Number I 
until specimen failure occurs. 

All test data obtained during the burst test shall 
be recorded* on Data ^heet Number i. 
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7.1.9 


7.2 
7.2. 1 


7.2. 2 
7.2. 3 


7.2.4 


7.2.5 
7.2. 6 


Data Sheet Number 1 , and the additional raw data 
of Paragraph 6. 3 shall be maintained on file in the 
Quality Control Department. 


Pneumatic Bur st T est 


The high speed motion picture camera shall be 
located, set up, and checked out prior to ini- 
tiation of test. 

Instrumentation shall be installed per Figure El 
and calibrated per Paragraph 5.3. 

"O” Rings and Backup rings shall be installed 
on each test plate, T-1400138, and ti e test 
plates secured to the test specimen. The test plate 
shall be coupled together with the tie-rod, 

T- 1400264, per SK-75-001. This operation shall 
apply to the test spescimens of Paragraph 3. 1. 1 
only. 

A pretest leak check of all fittings and equipment 
shall be performed on the pressurization system 
adjusted to a dead-end condition. The test spec- 
imen shall be isolated from the system during 
the leak test. 

The test specimen shall be installed in a pneu- 
matic test system as illustrated in Figure E3. 

The test specimen shall be pressurized with 
gaseous nitrogen per MIL-P-27401, at the pres- 
sure rate defined on Data Sheet Number 2. until 
specimen failure occurs. Fluid temperature 
shall not exceed 1 60®F during this test. 



7 . 2.7 
7 . 2 . 8 


All test data obtained during the burst test shall 
be recorded on Data Sheet Number 2. 

Data Sheet Number 2, and the additional raw data of 
Paragraph 6. 3 shall be maintained on file in the 
Quality Control Department. 






\ 


4 '-- 


7.3 


7 . 3 . 1 
7 . 3.2 


7 . 3.3 


7 . 3.4 


7 . 3.5 


7 . 3 . 5.1 


7 . 3 . 5 . 2 


Cyclic Fatigue Test 

Instrumentation shall be installed per Figure El 
and calibrated per Paragraph 5. 3. 

”0”Rings and Backup rings shall be installed on 
each test plate, T^1400138, and the test plates 
secured to the vessel bosses . The test plates 
shall be coupled together with the tie -rod, 

T- 1400264, per SK-75-001. This operation shall 

apply to the test specimens of Paragraph 3. 1. 1 
only. 

A pretest leak check of all fittings and eqxiip- 
ment shall be performed on the pressurization 
system adjusted to a dead-end condition. The 
test specinaen shall be isolated from the system 
during the leak test. 

The test specimen, filled with hydraulic fluid 
per MIL H-5606-C and bled of ail entrapped air, 
shall be installed in a hydraulic pressure cycle 
test system as illustrated in Figure E4. 

The test specimen shall be subjected to 1600 
operating pressure cycles at a rate of 1 to 2 
cycles per minute. Each pressure cycle shall 
consist of the following: 

Increase the test specimen pressure to the 
mean ..operating pressure (MOP) 50 psig and 
hold for 10 seconds. 

Decrease the test specimen pressure to 50 psig 
or less. 




m 
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7 . 3 . 5.3 


7 . 3.6 


7 . 3.7 


7.4 


7 . 4 . 1 


7 . 4.2 


7 . 4.3 


7 . 4.4 


7 . 4 . 5 


7 . 4 . 6 
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The test shall be terminated if the test spec- 
imen exhibits signs of leakage or rupture prior 
to completion of the 1600 pressure cycles. 

The test specimen shall be visually inspected 
for damage and these observations, including 
all test data, recorded on Data Sheet Number 

3. 


Data Sheet Number 3 and the additional raw data 
of Paragraph 6, 3 shall be maintained on file in 
the Quality Control Department. 

Hydraulic Sustained Load Test 

Instrumentation shall be installed per Figure El 
and calibrated per Paragraph 5. 3. 

A pretest leak check of all fittings and equip- 
ment shall be performed on the pressurization 
system adjusted to a dead-end condition. The 
test specimen shall be isolated from the system 
during the leak test. 

The test specimen, filled with inhibited water 
a nd bled of all entrapped air, shall be installed 
in a hydraulic test system as illustrated in 
Figure E2. 

Fluid pressure in the test specimen shall be 
increased, at the rate defined on Data Sheet 
Number 4, to the mean operating pressure 
(MOP) + 50 psig and the load/ vent valves 

locked in the closed position. 

Pressure in the test specimen shall be main- 
tained at the MOP value for a minimum period 
of 96 hours. Any pressure decay during the 
period shall first be recorded per 6.3. 3. 3 and 
tnen adjusted to the MOP valu^. 

After completion of the 96 hour period, pres- 
sure in the test specimen shall be decreased 
to zero at a rate defined in Data Sheet Number 
4, The test specimen shall bf visually in - 

, ' PAGS is 
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7. 4.7 




7. 4.8 


7.4.9 


spected for damage and these observations, 
including all test data, recorded on Data Sheet 
Number 4, 

Deleted. 


Fluid pressure in the test specimen shall be in- 
creased at the rate defined on Data Sheet Num- 
ber 4 until specimen failure occurs. 

Additional data associated with the burst test 
shall be recorded on Data Sheet Number 4; Data 
Sheet 4, and the data of Paragraph 6. 3 shall 
be maintained on file in the Quality Control 
Department. 



7.5 


7.5.1 

\ 

7. 5.2 


7. 5.3 


7. 5.4 


Gaseous Hydrogen Sustained Load Test 

The Hydxogea Safety Manual, Paragraph 2.4, 
shall be reviewed prior to the initiation of any 
efforts on this test. 

For this test, a volume -filling material may be 
used to reduce the test specimen internal volume. 
Kused, the materiail designation and quantity 
shall be recorded on Data Sheet Number 5. 


Instrumentation shall be installed on the test 
specimen per FigureEland calibrated per 
Paragraph 5. 3. 

"O’* Rings and Backup rings shall be installed 
on each test plate, T — 14001 33, and the test 
plates secured to the vessel bosses. Tne test 
plates shall be coupled togetiier with the tie-rod, 
T-1400264, per SK-75-001. 


7.5.5 A pretest leak check of all fittings and equip- 

ment shall be performed on the pressurization 
system, adjusted to a dead-end condition. The 
test specimen shall be isolated from the system 


during the leak test. 

p 
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7 . 5.6 


7 . 5.7 


7 . 5.8 


7 . 5.9 


7 . 5 . 10 


7 . 5.11 


7.6 


7 . 6.1 


7 . 6.2 


7 . 6 . 3 


The test specimen shall be installed in a pneu- 
matic test system as illustrated in Figure C 3 

The test specimen shall be pressurized with 
gaseous hydrogen per MIL P-27201 A at the rate 
defined on Data Sheet Number 5, to the mean 
operating pressure (MOP) + 50 psig and the 
load valve locked in the closed position. During 
pressurization fluid temperature shall not 
exceed 160^* 

Pre ssure in the test specimen shall be main- 
tained at the MOP value for a minimum period 
of 96 hours. Any pressure decay during the 
period shall first be recorded per 6. 3. 3. 3 and 
then adjusted to the MOP value. 

After completion of the 96 hour period, pres- 
sure in the test specimen shall be decreased to 
zero at a rate per Data Sheet Number 5. The 
test specimen shall be purged of all residual 
gaseous hydrogen* 

The test specimen shall be visually inspected 
for damage and these observations, including 
all test data, recorded on Data Sheet Number 

5 * 

Data Sheet Number 5 and the additional raw 
data of Paragraph 6. 3 shall be maintained on 
in the Quality Control Department* 



Gunfire Test 


Deleted. 


Rings and Backup rings shall be installed 
on each test plate, T-1400138, and the test 
plates secured to the test specimen bosses. The 
test plates shall becoupled together with* the tie^rod, 

T- 1400264, per SK-75-001. This operation shall 
apply to the test specimens of Paragraph 3. 1. 1 only, 


The test specimen shall be restrained in a mount- 
ing fixture at the gun range as illustrated in Figure 


E5. 
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The test specimen shall be pressurized 
with gaseous nitrogen per MIL-P-27401, at the 
rate defined in Data Sheet to the mean operating 
pressure (MOP) + 50 psig. 



A gunfired 50 caliber armor piercing projectile with 
a muzzle velocity of 2800 + 100 feet per second 
shall be caused to tumble and strike the test 
specimen at the location shown in Figure E5. 
(Reference MIL-T-25363C, Paragraph Z, 3). The 
range of gunfire shall be 50 yards maxim im. 

After gunfire, the test specimen shall be examined 
and the extent of structural damage recorded on 
Data Sheet Number 6 along with all other test data. 

Data Sheet Number 6 shall be maintained on file in the 
Quality Control Department. 




TABLE El 

SEQUENCE OF TESTING 


Performance 
Demonstration 
Tests 
Para 7.0 


AI, SI 

Hydraulic 
Burst 
Para 7.1 


1 

A2, SZ t 

Hyaraulic 
Burst 
Para 7, 1 


S3, S4 

Hydraulic 
Burst 
Para 7.1 


S3, S4 


Gaseous 
Hydrogen. 
Sustained Load 
Para 7.5 


A3, A4 


Hydrauuc 
Sustained Load 
and Burst 
Para 7. 4 


A2 thr 
S2 thri 

u A5 
X S5 

Cyclic 
Fatigu 
Para ' 

e 

L3 


A 6, S6 

Pneumatic 
Burst 
Para 7 . 2 


A5, S5 
Gunfire . 

Para 7.6 
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TABLE EH 


EXPECTED TEST VALUES FOR SENSOR CALIBRATION 


Test Parameters 

Ve s sel 

•Se rie s 

Pretest Condition 

s 

OOX 

Outside Diameter, in 

38. 23 

26.04 

Internal Volume, in^ 

27, 100 

7204 

Operating Condition (Para 7.3, 7.4, 7.5, 7.6) 



Pressure (MOP), psi 

2024 

2330 

Volumetric Expansion, in^ 

340 

107 

Circamferential Expansion, in 

0.5 

0.4 

Strain, % 

0.41 . 

0.50 

Burst Condition (Para 7. 1 , 7. 2, 7. 4) 



Pressure (EBP) , psi 

4042 

46610 

^ 3 

Volumetric Expansion, in 

964 

270 

Circumferential Expansion, in 

1.4 

1.0 

Strain % 

1.17 

1.25 


ORIGINAD PAGE IS 
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HYDRAULIC TEST SYSTEM 





PNEUMATIC TEST SYSTEM 
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SCI Specification 74-44 
Date: 


ENCLOSURE El 


TEST DATA SHEETS 


SCI Specification 74- 44 

Date : 

DATA SHEET NUMBER 1 


PART NUMBER: 

TEST SPECIMEN NUMBER: 



HYDRAULIC BURST TEST, Para 

grapn 1 


Parameter 

Required 

Actual 

Test Media 

Inhibited Water 


Pressure Rise Rate 

— 

psi/ min 

Expected Burst Pressure (EBP) 

— 

psig 

Time at EBP 

3 minutes _ 

min 

Pressure Rise Rate 

— 

psi/min 

Failure Pressure 

As Measured _ 

psig 


Mode of Failure 


Tested By 
Witness 


Date 

Date 
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SCI Specification 74-44 
Date: 

DATA SHEET NUMBER 2 


PART NUMBER: 

TEST SPECIMEN NUMBER: 


PNEUMATIC BURST TEST, Paragraph 7. 2 


Parameter 

Required 

Actual 


Test Media 

Gaseous Nitrogen 



Pressure Rise Rate 



psi/ min 

Fluid Temperature 
(shall not exceed) 

160®F 


®F 

Failure Pressure 

As Measured 


psig 


Mode of Failure 


Tested By- 
Witness 


Date 

Date 


SCI specification 74-44 
Date: 

DATA SHEET NUMBER 3 


PART NUMBER: 

TEST SPECIMEN NUMBER: 


CYCLIC FATIGUE TEST. Paragraph 7. 3 


Parameter 
Test Media 

Operating Pressure (MOP) 
Hold Period 
Cyclic Rate 
Cycles 


Reqxiired 
Hydraulic Fluid 

10 sec 
1 to 2 cpm 
2000 


Actual 


ps»g 


sec 


com 


Vessel Examination^ 


Date 

Tested By 

Date 

Witness ^ — 
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SCI Specificarion 74-44 
Date: 


DATA SHEET NUMBER 4 

PART NUMBER: 


TEST SPECIMEN NUMBER: 


HYDRAULIC SUSTAINED LOAD TEST, Paragraph 7.4 
Parameter Required Actual 

Test Media Inhibited Water 

Pressiure Rise Rate ^psi/min 

Operating Pressure (MOP) 

Time at MOP 96 hours hours 

Depressurization Rate .. Psi/min 

Vessel Examination 


Pressure Rise Rate psi/min 

Failure Pressure As Measured _P®^§ 



1 
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SCI Specification 74-44 
Date 



Date 

Date 





Date 


DATA SHEET NUMBER 5 


PART NUMBER; 

TEST SPECIMEN NUMBER: 


GASEOUS HYDROGEN SUSTAINED LOAD TEST, Paragraph 7. 5 


Parameter 
Test Media 

Volume Filling Materiail 

Weight o£ Material 

Pressure Rise Rate 

Operating Pres sure (MOP) 

Fluid Temperature 
(shall not exceed) 

Time at MOP 

Depressurization Rate 


Required 

Caseous Hydrogen 
As Necessary 
As Necessary 


Actual 


160®F 
96 hours 


Fluid Temperature ^ 

(shall not exceedj^ 160 F 

Vessel Examination 


pounds 

psi/min 

psi 

_®F 

hours 

psi/min 

®F 


Tested By 


Date 


W itne s s 


Date 


X 


^ - V 


I 


SCI Specification 74-44 
Date 

DATA SHEET NUM.BER 6 

PART NUMBER: ' 

TEST SPECIMEN NUMBER: 


GUNFIRE TEST, Paragraph 7. 6 

Parameter Required Actual 

Test Media Gaseous Nitrogen 

Pressure Rise Rate psi/min 

Operating Pres sure (MOP) 

Gun Distance <50 yards yards 

Projectile 50 Caliber AP 

Muzzle Velocity 2SOO+10Ofps fps 


Mode of Failure 


Tested By 


Date 


Witness 


Date 


APPENDIX F 

SIZING AND PERFORMANCE TEST 
PRESSURE/ STRAIN PLOTS FOR 
KEVLAR/ ALUMINUM PRESSURE VESSELS 
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FIGURE F-2: Strains Obtained From Longitudinally Oriented 

Strain Gages During Pressure Sizing of Kevlar/ 
Aluminum Vessel S- 1 
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Prepared for: 
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Presentation of this Design Analysis in S. I. units would reduce the 
clarity of this Appendix, Thre report is presented in the original 
form as written by the author. 
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1. INTRODUCTION AND SUMMARY 


An analysis of the selected design configuration for 
the PRD*49 III fiber overwrapped ARDEFORM 301 stainless steel 
liner composite spherical pressure vessel is presented herein 
in accordance with the requirements of Task I of the SCI 
purchase order (ref ,G1) . 

Selection of the design point was based on SCI purchase 
order requirements supported by ARDE test data coupled with 
recent fracture mechanics flaw growth test results, generated 
by Boeing Aerospace Company on a current NASA LeRC program. 


* Kevlar - 49 Roving was formerly designated as PRD-49-III Roving. 
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APPENDIX H 

KEVLAR>:=FR 301 STAINLESS STEEL PRESSURE VESSEL 
FABRICATION PROCESS SPECIFICATION 


Kevlar-49 Roving was formerly designated as PRD-49-III Roving 
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PROCESS CONTROL RECORD 


FIGURE ill: MATERIAL TRACEABILITY 

Part No. D3897 

Part Name F /W Pressure Vessel 
Serial No, 


Date Started 

W.O. No. 2003- 
Shop Order No. D3897 


Operation 

jSfo . Description of Data Required Inspector 

0103 Record traceability data of the following: 


Mfg. Lot No . Accept. Tag No. 

1. PRD Roving, 4-End, - 

Type III 

2. Epon 828 - — 

3. DSA 

4. Empol 1040 

5. BDMA 


020A-1 


Record traceability data of aluminum liner assembly, P/N D3896 
Accept Tag No. S/N 
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PROCESS CONTROL RECORD 


FIGURE H5: WINDING PATTERN 

Part No. D3897 Date Started 

Part Name F/W Pressure Vessel Work Order No. 2003- 

Serial No. Shop Order No. D38 9 7 

Machine Operator 


Step 

No. 


Degree 

Setting 


Machine 

Setting 


Payoff 

Arm 

Setting RPM 


Turns 

Required Actual 


PROPRi£iA.'iY itirORiMIOi^ 
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PERFORM-^CE TEST PRESSURE/ STRAIN 
PLOTS KEVLAR/ STAINLESS STEEL 
PRESSURE VESSELS 
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OPERATING PRESSURE = 1607 N/cm'^ (2330 psi) 
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OPERATIMG PRESSURE ^ 1607 N/cm 



FIGURE 1-14: Strains Obtained From Great Circle £.xtensometer s 

During Cyclic Fatigue of Kevlar / Sta inle s s Steel 
Vessel 004 
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FIGURE 1-ZZ: Strains Obtained From Great Circle Exlensometer s 

During Cyclic Fatigue of Kevlar / Stainle s s Steel 
Vessel 005 





OPERATING PRESSURE 1862 N/cm"^ (2/00 psi) 



FIGURE I-Z3: Strains Obtained From Great Circle 

Extensometers During Sustained Load Test of 
Kevlar/ Stainless Steel Vessel 006 
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LIST OF SYMBOLS 


PAGE BLANK NOT 
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LIST OF SYMBOLS 




A 


a 


a/Q 


c 

D 

da/dN 

E 


F ty 

Ftu 

H 


Ksd 

L 


M 


N 

Ni 

N 

0 

P 


P 

pV/ w 

Q 
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Surface area, crri^ 

Semi-elliptical crack depth, mm (in) 

Crack shape 
Crack size, mm (in) 

One-half semi-elliptical crack length, mm (in) 
Diameter, cm (in) 

Cyclic crack growth rate, mm (in) 

Modulus of elasticity, GN/m^ (psi) 

Yield strength, MN/m (psi) 

Ultimate filament strength, MN/m^ (psi) 

Horizontal force, N (lb) 

Engineering fracture toughness, MN/m^^^, (ksi-in ^^^) 
Design stress intensity factor 
Length, cm (in) 

Bending moment, cm-N/cm (in-lb/in) 

Number of cycles 

Number of surface area elements 
Meridional membrance force, N/cm (lb/ in) 

Applied load, N (lb) 

Pressure, N/cm (psi) 

Performariv-e factor, J g (in-lb/lbm.) 


Crack shape parameter 
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LIST OF SYMBOLS (continued) 

A.verage flow rate, liters/sec (gal/sec) 

Minimum to maximum stress ratio 
Radius, cm (in) 

Temperature, K (^F) 

Thickness, cm (in) 

Internal volume, (in^) or vertical force, N/cm (lb/ in) 
Weight, kg (Ibm) 

Proof test factor 
Change or difference 
Strain, % 

Circumferential angle, rad (deg) 

Density, g/ cm^ (Ibm/ in^) 

Stress, MN/m (psi) 

Time, hours 

Meridional angle, rad (deg) 
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LIST OF SYMBOLS (concluded) 


SUBSCRIPTS: 

B 

b 

c 

cr 

D 

HB 

i 

L 

max. 

min. 

o 

of 

P 

R 

S 

s 


Specific location (Figure 30) 
Burst 

Compression 

Critical 

Specific location (Figure 30) 

Horizontal bolt 

Initial 

Liner 

Maximum 

Minimum 

Operating 

Filament operating 

Port 

Tie -rod 

Specific location (Figure 30) 
Sizing 
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